
Roflumilast reverses polymicrobial sepsis-induced liver
damage by inhibiting inflammation in mice
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Sepsis is a life-threatening syndrome accompanied by an overwhelming inflammatory response and organ dysfunction.
Selective targeting of phosphodiesterase 4 (PDE4) is currently being investigated as an effective therapeutic approach for
inflammation-associated diseases. Roflumilast is a selective PDE4 inhibitor, used for the treatment of severe chronic
obstructive pulmonary disease in clinic. However, its role in the treatment of sepsis-induced liver damage remains unclear.
In the present study, we evaluated the effects of roflumilast in mice with cecal ligation and puncture-induced sepsis, and
investigated the underlying mechanism. We found that roflumilast treatment improved survival in septic mice by reducing
bacterial load locally and systemically, inhibiting the expression of pro-inflammatory cytokines interleukin-6 and tumor
necrosis factor alpha, and alleviating liver injury. These effects were associated with the inhibition of nuclear translocation
of nuclear factor-kappa B (NF-κB), as well as degradation of NF-κB inhibitory protein alpha. The phosphorylation of p38
mitogen-activated protein kinase (MAPK) was also markedly inhibited by roflumilast. Moreover, roflumilast significantly
suppressed the activation of signal transducer and activator of transcription 3 (STAT3) and its upstream Janus kinase 1 and
Janus kinase 2. Taken together, these results indicate that roflumilast prevents polymicrobial sepsis likely by suppressing
NF-κB, p38 MAPK, and STAT3 pathways.
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Sepsis is a dysregulated host response to infection, resulting in
life-threatening organ dysfunction and even high mortality
rates.1,2 Sepsis affects one-third of all the patients on
admission or during the intensive care unit stay, with a
mortality estimated at 25–35%.3–5 In addition to the impact
on patients, sepsis accounted for approximately US$ 24
billion of total hospital costs in the United States.6 The
pathophysiology of sepsis and advances in medical care are
clearly established. However, pharmaceutical studies failed to
result in any substantial progress in drug design, develop-
ment, or therapy.7 Novel treatment options for sepsis are
imperative in view of the significant morbidity and mortality
correlated with sepsis, and the limited advances in pharma-
ceutical interventions.

The systemic inflammatory response syndrome is initiated
by rapid infection following injury. The dysregulated systemic
response leads to multiple organ dysfunction syndrome
characterized by liver, pulmonary, cardiovascular, renal, and
gastrointestinal dysfunction, and death.1 In particular, sepsis-
associated liver dysfunction and failure are closely correlated
with high mortality. It is reported in patients with sepsis that

the incidence of sepsis-associated liver dysfunction and
hepatic failure ranged from 34 to 46%, and from 1.3 to 22%,
respectively.8,9 The absence of resolution of baseline hepatic
dysfunction or the development of hepatic dysfunction in the
first week of sepsis was associated with a lower 28-day survival
rate.10 Furthermore, the persistence or development of liver
failure within the 72 h period after the onset of severe sepsis
was strongly associated with poor outcome in French.11

Therefore, the outcome of sepsis may be improved by
relieving liver injury.

Several cytokines are secreted during sepsis, which are
correlated with the severity of the condition.12 Tumor
necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) are
the major inflammatory mediators that are significantly
elevated in sepsis.12,13 The liver has a major role in the
pathogenesis of sepsis, either as a tissue source for these
cytokines or as the target organ of these mediators mediating
liver injury.14 Excessive generation of cytokines is regulated by
the activation of several signaling pathways, such as nuclear
factor-kappa B (NF-κB) and p38 mitogen-activated protein
kinase (MAPK).14–16 The NF-κB-binding activity, degradation
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of NF-κB inhibitory protein (IκB), and nuclear accumulation
of the NF-κB are enhanced during sepsis.17,18 Prevention of
NF-κB activation suppresses the production of inflammatory
cytokines and liver injury.19 Moreover, cytokines exhibit their
biological effects associated with liver injury via activation of
complex signaling cascades. The Janus kinase–signal transdu-
cer and activator of transcription (JAK–STAT) pathway is an
essential pathway mediating the signal transduction of
cytokines such as IL-6, IL-10, and interferon alpha in the
pathogenesis of sepsis.20,21 Inhibition of JAK–STAT pathway
relieves sepsis-induced liver injury.20 Thus, suppression of
excessive generation of cytokines and related signaling
pathways may constitute a valid therapeutic strategy for
sepsis-induced liver injury.

Phosphodiesterase 4 (PDE4) is an intracellular enzyme that
catalyzes the hydrolysis of adenosine 3′,5′-cyclic monopho-
sphate (cAMP), thereby regulating its downstream signaling.
It is well known that PDE4 inhibitors prevent the degradation
of cAMP and elevate cAMP-response element-binding
protein (CREB) phosphorylation, leading to enhanced
biological effects.22 PDE4 inhibitors have previously been
reported to significantly inhibit inflammatory response in
various disease models, such as chronic obstructive pulmon-
ary disease (COPD), asthma, psoriatic arthritis, and Alzhei-
mer’s disease.23 Moreover, recent studies have suggested that
PDE4 inhibitors have beneficial effects in experimental liver
injury, including bile duct ligation-induced liver injury,
alcoholic liver injury, and T-cell-mediated liver failure.24–26

These evidences demonstrate that PDE4 inhibitors can
prevent inflammation response and alleviate liver injury,
which are two important aspects in the pathogenesis of sepsis.
Roflumilast is the first PDE4 inhibitor approved by the
United States Food and Drug Administration (US FDA) for
the treatment of COPD, with a significant anti-inflammation
effects and potential protective effects on organ injury.27,28

Thus, we are interested to investigate the role of roflumilast in
sepsis. In the present study, we delineated the possible effects
of roflumilast in mice with cecal ligation and puncture (CLP)-
induced sepsis and to identify the involved signaling
pathways.

MATERIALS AND METHODS
Reagents and Antibodies
Roflumilast was purchased from Sigma-Aldrich (St Louis,
MO, USA). The Aspartate Aminotransferase Assay Kit and the
Alanine Aminotransferase Assay Kit were purchased from
Jiancheng Bioengineering Institute (Nanjing, China). The
Mouse TNF-α ELISA Kit and the Mouse IL-6 ELISA Kit were
purchased from Boster (Wuhan, China). The Mouse/Rat
cAMP Parameter Assay Kit was purchased from R&D
(Minneapolis, MN, USA). The Nuclear and Cytoplasmic
Protein Extraction Kit was purchased from Beyotime
(Jiangsu, China). Antibodies against IL-6, TNF-α, CREB,
phospho-CREB, phospho-JAK1, phospho-JAK2, phospho-
STAT3, NF-κB p65, phospho-p38 MAPK, p38 MAPK, and

Histone H3 were purchased from Cell Signaling Technology
(Danvers, MA, USA). Antibodies against IκB-α, JAK1, JAK2,
and STAT3 were purchased from Abgent (San Diego, CA,
USA). Antibodies against GAPDH was purchased from
Abcam (Cambridge, MA, USA).

Animals
Male C57BL/6 mice (6–8 weeks old) weighing 20± 2 g each
were obtained from the Animal Resource Center of Southern
Medical University (Guangzhou, China). Mice were housed
in a specific pathogen-free animal facility under controlled
environmental conditions of 22± 2 °C and a 12 h light–dark
cycle, with a standard pellet diet and water ad libitum. All the
protocols were approved by the Institutional Animal Care and
Use Committee of Southern Medical University, in accor-
dance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.

Pharmacological Treatments
Roflumilast was dissolved in dimethyl sulfoxide and diluted in
0.5% carboxymethyl cellulose sodium (CMC) to final
concentrations. Mice were randomly divided into five groups:
sham-operated group treated with 0.5% CMC; CLP group
exposed to 0.5% CMC; CLP plus a low-dose roflumilast
group receiving 0.3 mg/kg body weight roflumilast; CLP plus
a middle dose roflumilast group treated with 1.0 mg/kg body
weight roflumilast; and CLP plus a high-dose roflumilast
group receiving 3.0 mg/kg body weight roflumilast. Roflumi-
last or vehicle was administered orally by gavage with a gastric
tube once daily for 7 consecutive days before CLP surgery.

CLP-Induced Sepsis
CLP was performed as described previously.13,29 Briefly, the
peritoneal cavity was opened under isoflurane anesthesia. The
cecum was exteriorized and tightly ligated at the designated
distal end of the ileo-cecal valve using a non-absorbable 6-0
suture. The cecum was thoroughly perforated once with a
21-gauge needle. After removing the needle, small droplets of
feces were extruded from the perforation sites. The cecum
was returned into the peritoneal cavity and the incision was
closed in layers with a 6-0 suture. Mice in sham-operated
group followed exactly the same procedures except for the
ligation and puncture. Mice were resuscitated by injecting
1 ml of pre-warmed saline subcutaneously.

Survival Study
In the survival study, mice were subjected to CLP or sham
operation. Mice were pre-treated with roflumilast orally once
daily for 7 consecutive days. The degree of sepsis was
evaluated by the presence of piloerection, suppressed
spontaneous activity, slow or no response to touch and
auditory stimuli, hunch, conjunctivitis, and dyspnea.30,31 The
clinical signs were scored from 0 to 4. The total score was
calculated by adding the individual scores in every item,
resulting in a maximum score of 28. Dead mice were scored

Roflumilast reverses liver damage in sepsis
H Feng et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 97 September 2017 1009

http://www.laboratoryinvestigation.org


on the basis of the highest clinical observations.31 Mice were
monitored for 7 days after the induction of sepsis.

Bacterial Count
At 24 h after CLP, mice were killed, and the whole blood was
drawn from the orbital plexus into heparinized tubes. For
peritoneal lavage, 3 ml of sterile PBS was injected into and
aspirated from the abdominal cavity three times, after aseptic
preparation of the abdominal wall.31 Livers were aseptically
collected, individually weighed, and homogenized in sterile
PBS using a tissue homogenizer. After serial log dilutions of
whole blood, peritoneal lavage fluid, and liver homogenates,
100 μl of each dilution was plated on tryptic soy agar.31 After
incubation at 37 °C for 24 h, bacterial colonies were counted
and expressed as log CFU/ml blood or peritoneal lavage fluid,
and log CFU/g tissue.

Enzyme-Linked Immunosorbent Assay
For cytokine measurements, plasma was obtained from whole
blood samples after centrifugation at 3000 r.p.m. for 15 min
at 4 °C. Peritoneal lavage fluid was collected in 3 × 3 ml of
PBS, followed by centrifugation at 3000 r.p.m. for 15 min at
4 °C to remove cell debris. Livers were homogenized with five
volumes of ice-cold lysis buffer containing 50 mM Tris,
150 mM NaCl, 1% Triton X-100, 1 mM PMSF, a protease
inhibitor cocktail, and a phosphatase inhibitor cocktail, and
centrifuged at 10 000 r.p.m. for 5 min at 4 °C. IL-6 and TNF-α
in supernatants were measured using enzyme-linked immu-
nosorbent assay (ELISA) kits according to the respective
manufacturer’s instructions. The data were expressed as
pg/ml peritoneal lavage fluid or blood, or pg/mg protein. The
protein concentrations were determined using a BCA protein
assay kit (Pierce, Rockford, IL, USA).

Biochemical Analysis
Plasma levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), expressed as U/l, were measured
using commercially available assay kits according to the
respective manufacturer’s instructions.

Histological Study
Liver samples from each group were excised 24 h post CLP
and fixed in 10% formalin for 24 h. The fixed livers were
paraffin-embedded, cut coronally at 4 μm, and stained with
hematoxylin and eosin (H&E). The images were recorded via
bright-field microscopy using a Nikon Eclipse Ti-U (Tokyo,
Japan). Swollen hepatocytes, polymorphonuclear neutrophil
(PMN) infiltration, central vein congestion, and sinusoidal
congestion were determined as previously described.32,33

cAMP Assay
Livers were collected 24 h post CLP, rinsed with PBS, and
homogenized in ice-cold 0.1 mol/l HCL lysis buffer at a 1:5
ratio (w/v). Particulates were removed by centrifugation at
6000 g for 10 min at 4 °C, and the supernatant was neutralized

with 0.1 mol/l NaOH. The cAMP levels were measured using
Mouse/Rat cAMP Parameter Assay Kit.

Western Blot
Western blot was performed as described previously.34 Livers
were excised 24 h after CLP. Proteins of each sample were
extracted in ice-cold lysis buffer and the concentrations were
detected using a BCA protein assay kit. A unit of 30 μg of total
protein per sample were subjected to 10 or 12% SDS-PAGE
and electrophoretically transferred onto a PVDF membrane.
The membrane was incubated with 5% (w/v) skim milk in
Tris-buffered saline with Tween-20 for 2 h at room
temperature, and incubated overnight at 4°C with different
primary antibodies. Subsequently, the membrane was washed
three times, and incubated with goat-anti-rabbit IgG-HRP
secondary antibody for 1 h at room temperature. After
washing, immunoreactive bands were visualized using
Immobilon Western Chemiluminescent HRP Substrate
(Millipore, Boston, MA, USA). The densitometry of bands
was quantified using the Image J software. GAPDH was used
as control protein for blots on total protein and on the
cytoplasmic fraction, and Histone H3 was used for blots on
the nuclear fraction.

Subcellular Fractionation
Nuclear and cytoplasmic fractions of livers from all the mice
were isolated as described previously.34 In brief, tissues were
homogenized in ice-cold buffer A followed by the addition of
1 mM DTT, 1 mM PMSF, and protease inhibitors, and
incubated on ice for 10 min. Tissues were lysed with buffer B,
vortexed vigorously for 5 s, and incubated on ice for 1 min.
After centrifugation at 16 000 r.p.m. for 5 min at 4 °C, the
supernatants (cytoplasmic extract) were transferred. Precipi-
tates were resuspended in buffer C followed by the addition of
1 mM DTT, 1 mM PMSF, and protease inhibitors, vortexed
for 15 s, and incubated on ice for 30 min with intermittent
vortexing for 15 s every 10 min. The supernatants (nuclear
extract) were recovered after centrifugation at 16000 r.p.m.
for 10 min at 4 °C.

Statistics
All the statistical analyses were performed using SPSS software
(SPSS, Chicago, IL, USA), and graphs were drawn using
GraphPad Prism 5.01 (GraphPad, La Jolla, CA, USA). The
survival curves and mean survival time were determined using
the Kaplan–Meier method and analyzed with a log-rank test.
Bacterial results were expressed as medians, and other results
were expressed as mean± s.e.m. The groups were compared
using ANOVA followed by Bonferroni test or Kruskal–Wallis
test followed by Dunnett’s test, where appropriate. Differ-
ences were considered significant at Po0.05.
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RESULTS
Roflumilast Improved Survival in CLP-Induced Sepsis
Severe sepsis is a major cause of mortality. Therefore, we
performed an experimental randomized controlled animal
study to investigate the survival rate of mice subjected to CLP-
induced sepsis, and the impact of roflumilast pre-treatment
on sepsis. We conducted an observational study in mice
during 7 days after CLP surgery. The mean survival time of
septic mice in CLP group was 1.80± 0.24 days. Roflumilast
pre-treatment at a dose of 3.0 and 1.0 mg/kg body weight
significantly increased the survival time to 4.07± 0.64 days
and 2.87± 0.58 days, respectively, compared with that of the
CLP group. Pre-treatment with roflumilast at a dose of
0.3 mg/kg body weight improved the survival time to
2.47± 0.50 days. All the sham mice survived during the
7 days of observation (Figure 1a).

The CLP mice demonstrated a rapidly increasing symptom
score after surgery and showed the highest values compared
with the sham-operated group. Pre-treatment with roflumilast
at a dose of 0.3 and 1.0 mg/kg body weight induced symptoms
shortly after CLP showing a relatively lower score. Symptoms
were delayed and improved significantly in mice treated with
3.0 mg/kg body weight roflumilast compared with the CLP
group (Figure 1b). These data suggest that roflumilast improves
survival and relieves clinical signs of septic mice.

Roflumilast Reduced Bacterial Load in CLP-Induced
Sepsis
Local bacterial load and systemic bacterial dissemination are
the central events triggering dysregulated host response

during CLP-induced sepsis.35 Therefore, we measured the
CFU of bacteria in the peritoneal fluid, blood, and liver in
septic mice. CLP mice displayed substantially higher
levels of live bacterial load compared with sham mice. Treat-
ment with roflumilast at a dose of 1.0 and 3.0 mg/kg body
weight substantially reduced the bacterial load in peri-
toneal fluid compared with the CLP treatment (Figure 1c).
Moreover, blood and hepatic bacterial loads were markedly
lower in mice treated with roflumilast at a dose of 1.0 and
3.0 mg/kg body weight (Figures 1d and e). These data
demonstrate that the protective effects of roflumilast are
possibly related to the clearance of bacteria from the site
of infection and the prevention of systemic bacterial
dissemination.

Roflumilast Decreased Cytokine Levels in CLP-Induced
Sepsis
An overwhelming inflammatory response due to cytokine
storm is a major cause of organ dysfunction and death in
sepsis.36 Therefore, we evaluated the effects of roflumilast on
the accumulation of pro-inflammatory cytokines IL-6 and
TNF-α. Levels of IL-6 (Figures 2a and b) and TNF-α
(Figures 2d and e) were greatly enhanced in the peritoneal
cavity and plasma of septic mice compared with sham mice.
Roflumilast administration markedly decreased TNF-α and
IL-6 levels compared with CLP mice. These data indicate that
roflumilast improves survival of septic mice by suppressing
cytokine generation.

Figure 1 Roflumilast improved survival and reduced bacterial load in CLP-induced sepsis. (a) Mice were subjected to CLP or sham operation. Sham
group, n= 6; other groups, n= 15. The survival was monitored for 7 days after surgery. (b) The clinical signs were scored for 7 days after surgery. Data
were expressed as mean± s.e.m. (c–e) Mice were subjected to CLP or sham operation. Sham group, n= 6; other groups, n= 12. Peritoneal lavage fluid,
blood, and livers were collected 24 h after surgery. Bacterial counts were determined after 24 h incubation. Data were expressed as medians and
compared using Kruskal–Wallis. ***Po0.001, compared with sham group; #Po0.05, ##Po0.01, ###Po0.001, compared with CLP group.
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Roflumilast Inhibited Liver Inflammation and
Dysfunction
One of the major consequences of sepsis is the development
of liver dysfunction.8,9 Roflumilast may inhibit liver inflam-
mation and damage. We determined the concentrations of
pro-inflammatory cytokines TNF-α and IL-6 in liver. Pre-
treatment with roflumilast significantly reduced TNF-α and
IL-6 levels in liver homogenates compared with the levels in
CLP group (Figures 2c and f). Furthermore, we measured
plasma levels of AST and ALT as indicators of hepatocellular
injury. In CLP mice, we found strongly elevated plasma levels
of AST and ALT, when compared with sham mice, and
roflumilast treatment significantly reduced their levels
(Figures 3b and c). The effect of roflumilast-mediated
protection was further confirmed by evaluating liver sections.
In the livers of CLP mice, sepsis increased PMN infiltration,
hepatocytes swelling, and central vein and sinusoidal conges-
tion. Roflumilast treatment decreased the incidence of these
changes, protecting mice against sepsis-induced liver damage
(Figure 3a). These data show that roflumilast suppresses
inflammatory response in liver and ameliorates liver injury
caused by sepsis.

Roflumilast Elevated cAMP Accumulation and CREB
Phosphorylation in CLP-Induced Sepsis
Roflumilast, as a PDE4 inhibitor, activated the cAMP–CREB
pathway, resulting in an anti-inflammation.22 Thus, we
measured the cAMP levels in liver homogenates to determine
the efficacy of roflumilast treatment after CLP. Our results
showed that roflumilast elevated the intracellular cAMP levels

and CREB phosphorylation at Ser133 in septic mice. Notably,
the levels of cAMP and phosphorylated CREB greatly declined in
untreated sepsis (Figure 4). Moreover, consistent with the ELISA
results, roflumilast reduced TNF-α and IL-6 levels in liver,
which was further confirmed by western blot (Figures 5a–c).

Roflumilast Inhibited IκB Degradation, NF-κB Nuclear
Translocation, and p38 MAPK Phosphorylation in
CLP-Induced Sepsis
TLR-mediated NF-κB and p38 MAPK signaling pathways
have important roles in inflammatory response and are
activated in sepsis.15,37 Activation of NF-κB correlates with
the phosphorylation, ubiquitination, and degradation of IκB.
NF-κB translocates to the nucleus where it initiates transcrip-
tion of immune-related genes.37 As no differences in NF-κB
p65 expression were detected among the groups (Figures 6a
and c), we examined the degradation of IκB, which regulates
the activity of NF-κB. We found that CLP-induced sepsis led
to downregulation of IκB-α, whereas administration of
roflumilast to septic mice significantly inhibited the degrada-
tion (Figures 6a and b). Furthermore, the nuclear transloca-
tion of NF-κB p65 was significantly increased after CLP, and
this increase was strongly abrogated by roflumilast treatment
(Figures 7a–d). In parallel, roflumilast significantly decreased
the level of phosphorylated p38 MAPK (Figures 6a and d).

Roflumilast Inhibited STAT3 Signaling in CLP-Induced
Sepsis
It is known that cytokines utilize the activation of complex
signaling cascades to exert biological effects. As IL-6 is a

Figure 2 Roflumilast decreased cytokine levels in CLP-induced sepsis. Mice were subjected to CLP or sham operation. Sham group, n= 6; other groups,
n= 12. Peritoneal lavage fluid, plasma, and livers were collected 24 h after surgery. (a–c) The levels of IL-6 in the peritoneal lavage fluid, plasma, and
livers were determined by ELISA. (d–f) The levels of TNF-α in the peritoneal lavage fluid, plasma, and livers were determined by ELISA. Data were
expressed as mean ± s.e.m. and compared using ANOVA. *Po0.05, ***Po0.001, compared with sham group; #Po0.05, ##Po0.01, ###Po0.001, compared
with CLP group.
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known upstream activator of STAT3 signaling, we investi-
gated the role of STAT3 in sepsis, and in turn evaluated the
potential effect of roflumilast on STAT3. No changes in
STAT3 expression were observed in any group (Figures 8a
and e). We then measured the phosphorylation of STAT3 at
the residue important for DNA-binding activity (Tyr705) or
at the site required for maximal transcriptional activity
(Ser727).38,39 Our results showed that CLP mice exhibited
higher STAT3 Tyr705 phosphorylation than sham mice,

which was inhibited by roflumilast treatment (Figures 8a
and d). No differences in phosphorylated Ser727 were
detected among groups (not shown). To further investigate
the molecular mechanisms underlying roflumilast-induced
STAT3 inhibition, we determined JAK1 and JAK2 phosphor-
ylation. We found that roflumilast treatment significantly
decreased the phosphorylation of JAK1 and JAK2 in septic
mice (Figures 8a–c), indicating that the decrease in STAT3
phosphorylation was dependent, at least in part, on JAK1 and

Figure 3 Roflumilast alleviated liver damage in CLP-induced sepsis. (a) Livers were collected 24 h after CLP or sham operation. Liver histological
sections were stained with H&E. The original amplification was × 400. Bar = 50 μm. (b, c) Mice were subjected to CLP or sham operation. Sham group,
n= 6; other groups, n= 12. Plasma was collected 24 h after surgery. The levels of ALT and AST in plasma were determined. Data were expressed as
mean± s.e.m. and compared using ANOVA. *Po0.05, compared with sham group; #Po0.05, compared with CLP group.
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Figure 4 Roflumilast elevated the cAMP accumulation and CREB phosphorylation in CLP-induced sepsis. (a) Mice were subjected to CLP or sham
operation. Sham group, n= 6; other groups, n= 12. Livers were collected 24 h after surgery. The levels of cAMP were determined using Mouse/Rat cAMP
Parameter Assay Kit. Data were expressed as mean± s.e.m. and compared using ANOVA. (b) Livers were collected 24 h after CLP or sham operation. The
expression of phosphorylated CREB was determined by western blot. (c) The relative levels of phospho-CREB vs total CREB were determined by
densitometry of the blots. Data were expressed as mean ± s.e.m. of three independent experiments and compared using ANOVA. *Po0.05, **Po0.01,
compared with sham group; ##Po0.01, ###Po0.001, compared with CLP group.

Figure 5 Roflumilast inhibited the expression of IL-6 and TNF-α in CLP-induced sepsis. (a) Livers were collected 24 h after CLP or sham operation. The
expression of IL-6 and TNF-α was determined by western blot. (b) The relative levels of IL-6 vs GAPDH and (c) TNF-α vs GAPDH were determined by
densitometry. Data were expressed as mean ± s.e.m. of three independent experiments and compared using ANOVA. ***Po0.001, compared with sham
group; ##Po0.01, ###Po0.001, compared with CLP group.

Figure 6 Roflumilast inhibited IκB degradation and p38 MAPK phosphorylation in CLP-induced sepsis. (a) Livers were collected 24 h after CLP or sham
operation. The expression of IκB-α, NF-κB p65, and phosphorylated p38 was determined by western blot. (b) The relative levels of IκB-α vs GAPDH and
(c) NF-κB p65 vs GAPDH were determined by densitometry. (d) The relative levels of phospho-p38 vs total p38 were determined by densitometry. Data
were expressed as mean± s.e.m. of three independent experiments and compared using ANOVA. ***Po0.001, compared with sham group; #Po0.05,
##Po0.01, ###Po0.001, compared with CLP group.
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JAK2 phosphorylation. Furthermore, we investigated the role
of roflumilast in STAT3 nuclear translocation. Our data
showed that CLP enhanced STAT3 nuclear translocation,
which was reversed by roflumilast treatment (Figures 9a–d).

DISCUSSION
Our study demonstrated the therapeutic potential of roflu-
milast in CLP-induced sepsis, using a realistic model of
human sepsis.40,41 Specifically, we demonstrated that roflu-
milast treatment improved the survival of septic mice by
ameliorating the pathogenesis of sepsis as follows: (1)

reduction of bacterial load locally and systemically; (2)
suppression of cytokine production; (3) alleviation of liver
injury; (4) inhibition of NF-κB and p38 MAPK signaling; and
(5) inhibition of STAT3 signaling.

Roflumilast is a potent and selective PDE4 inhibitor. It
decreases inflammatory response in several disease models. In
bacterial-derived COPD model, roflumilast treatment
reduced leukocyte infiltration to lung, inhibited lung
inflammation, and prevented liver injury, including small
airway wall remodeling and emphysema.42 Roflumilast also
reduced serum levels of pro-inflammatory cytokines in COPD

Figure 7 Roflumilast inhibited the nuclear translocation of NF-κB in CLP-induced sepsis. (a, c) Livers were excised 24 h after CLP or sham operation, and
subcellular fractionation was extracted. The expression of NF-κB p65 in cytoplasmic and nuclear fractions was determined by western blot. (b, d) The
relative levels of NF-κB p65 vs GAPDH or Histone H3 were determined by densitometry. GAPDH was used for the cytoplasmic fraction, while Histone H3
was used for the nuclear fraction. Data were expressed as mean ± s.e.m. of three independent experiments and compared using ANOVA. ***Po0.001,
compared with sham group; ###Po0.001, compared with CLP group.

Figure 8 Roflumilast inhibited STAT3 pathway in CLP-induced sepsis. (a) Livers were collected 24 h after CLP or sham operation. The expression of
phosphorylated STAT3, JAK1, and JAK2 was determined by western blot. (b) The relative levels of phospho-JAK1 vs total JAK1, (c) phospho-JAK2 vs total
JAK2, and (d) phospho-STAT3 vs total STAT3 were determined by densitometry. Data were expressed as mean± s.e.m. of three independent experiments
and compared using ANOVA. *Po0.05, ***Po0.001, compared with sham group; #Po0.05, ##Po0.01, ###Po0.001, compared with CLP group.
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patients.43 Moreover, a preclinical study showed that
roflumilast was effective to attenuate systemic inflammation
and increase survival in mice exposed to LPS.44 Here we also
observed that roflumilast treatment inhibited the elevation of
pro-inflammatory cytokines TNF-α and IL-6 in septic mice,
which are responsible for the overwhelming inflammatory
response. Roflumilast treatment also improved the survival of
septic mice and reduced the bacterial load, the original
stimulus in sepsis, indicating a better outcome. Roflumilast
treatment exhibits therapeutic effects on CLP-induced sepsis.

Another important finding in our study is that roflumilast
prevented liver inflammation and liver injury in septic mice.
The protective effect of roflumilast against liver injury has
never been reported. Owing to the complex physiological
mechanisms associated with host defense and immunological
homeostasis, liver is significantly affected and has a
prominent role in sepsis.45,46 A clinico-pathological study
has reported that histology of liver biopsy specimens of
patients dying from sepsis typically showed inflammation,
necrosis, hepatocellular steatosis, and apoptosis. Levels of
ALT and AST, indicators of hepatocellular damage, were
increased in patients before death.47 Similar biochemical and
histological changes were reproduced in septic mice induced
by CLP,32,33 which was also shown in our results. The
mechanisms of liver injury in sepsis are complex and involve
the interaction of multiple pathophysiological processes.
Recent studies indicates that liver injury in sepsis is mainly
resulted from excessive generation of inflammation
mediators.14,48 In sepsis, liver cells, Kupffer cells particularly,
are activated by spillover of microbial factors. Activated
Kupffer cells produced excessive inflammatory mediators
such as IL-1, IL-6 and TNF-α, nitric oxide, and reactive
oxygen species. These mediators are either released into

systemic circulation mediating multi-organ injury, or interact
with hepatocytes and sinusoidal endothelial cells via paracrine
mediating hepatic injury.46 It has been shown that suppres-
sion of liver inflammation attenuated the liver injury,
decreasing morbidity and mortality of sepsis.49 Decreased
levels of IL-6 and TNF-α in liver were also shown in
roflumilast treatment groups, accompanied with the allevia-
tion of liver injury. The mechanisms by which roflumilast
inhibited liver inflammation and liver injury were also
investigated.

As an inhibitor of PDE4, roflumilast raises the intracellular
levels of cAMP. Increased cAMP activates PKA, which in turn
activates CREB, a transcription factor that regulates the
expression of numerous genes.22,23 It was shown that
activation of cAMP–CREB pathway inhibited the generation
of pro-inflammation cytokines.22 Consistent with the ELISA
data, western blot results confirmed that levels of IL-6 and
TNF-α in septic livers were decreased by roflumilast. Notably,
we observed that sepsis induction by CLP resulted in reduced
cAMP and phosphorylated CREB in liver, indicating a
potential role of cAMP–CREB pathway in the pathogenesis
of sepsis. Roflumilast treatment upregulated the reduction of
cAMP and phosphorylated CREB suggesting the efficacy of
roflumilast in sepsis-induced liver injury. These results
indicated that roflumilast is effective to suppress liver
inflammation via activation of cAMP–CREB pathway.

Studies previously demonstrated the role of TLRs in the
production of cytokines and activation of inflammatory
cascades in sepsis.15,35,50 After microbial factors and endo-
genous inflammatory agonists bind their cognate TLR
receptors, TLR dimers initiate intracellular signaling cascades
via sequential phosphorylation of kinases such as p38 MAPK,
inducing the activation of transcription factors NF-κB and

Figure 9 Roflumilast inhibited the nuclear translocation of STAT3 in CLP-induced sepsis. (a, c) Livers were excised 24 h after CLP or sham operation, and
subcellular fractions were extracted. The expression of STAT3 in cytoplasmic and nuclear fractions was determined using western blot. (b, d) The relative
levels of STAT3 vs GAPDH or Histone H3 were determined by densitometry. GAPDH was used for the cytoplasmic fraction, while Histone H3 was used
for the nuclear fraction. Data were expressed as mean ± s.e.m. of three independent experiments and compared using ANOVA. **Po0.01, ***Po0.001,
compared with sham group; #Po0.05, ##Po0.01, compared with CLP group.
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AP-1.15,16 However, there is limited information on the role
of NF-κB signaling in sepsis-induced liver injury. Our results
showed that the degradation of IκB-α and accumulation of
NF-κB in the nucleus were increased in septic mice, indicating
the involvement of NF-κB in sepsis-induced liver injury.
Interestingly, roflumilast significantly reversed these changes.
Moreover, consistent with previous studies,16 the phosphor-
ylation of p38 MAPK was increased in the liver after CLP,
which was inhibited by roflumilast. Our study introduced
NF-κB and p38 MAPK into the field of sepsis-induced liver
injury, and here we linked the changes of NF-κB and p38
MAPK to PDE4, as roflumilast is a PDE4 inhibitor. Previous
reports showed that the activation of NF-κB could be
inhibited by cAMP–CREB signaling, probably due to the
competition between CREB and NF-κB for the limited
amounts of cofactor CBP,51 via the inhibition of NF-κB
nuclear translocation by PKA,52 or via direct or indirect
modification of the C-terminal transactivation domain of the
NF-κB p65.53 Furthermore, cAMP also affected p38 MAPK
activation.54 Interferon gamma- and TNF-α-induced p38
MAPK phosphorylation was significantly suppressed by
cAMP-dependent PKA activity in HaCaT cells.55 These results
suggested that roflumilast suppresses liver inflammation
probably via inhibition of NF-κB and p38 MAPK signaling.

The STAT signaling is another essential pathway in
cytokine production. STATs are triggered by microbial factors
during sepsis.20 In addition, the STAT signaling is activated in
response to cytokine stimulation, mediating the signal
transduction of cytokines.56,57 Activated STATs dimerize
and translocate to the nucleus, where they bind to specific
promoter sequences and induce transcription of target genes.
STAT3 is a key transcription factor in both immune and
inflammatory pathways. LPS enhanced the expression of
STAT3 and subsequent generation of TNF-α and IL-1β.58

STAT3 was also activated in response to various cytokines
such as IL-6 and TNF-α.57 Interestingly, STAT3 activation
may result in increased IL-6 expression, which in turn induces
STAT3 phosphorylation and regulates diverse biological
responses subsequently.59 However, the role of STAT3
signaling in sepsis-induced liver injury remains largely
unclear. The activated STAT3 signaling in septic livers in this
study is in harmony with a recent study that observed
increased phosphorylated STAT3 in liver from septic mice,60

indicating a potential role of STAT3 signaling in the
pathogenesis of sepsis. It is quite interesting that roflumilast
treatment inhibited the phosphorylation and nucleus accu-
mulation of STAT3, as well as the phosphorylation of
upstream JAK1 and JAK2. These results suggested that

Figure 10 Roflumilast inhibited NF-κB and STAT3 signals in CLP-induced sepsis. After microbial factors bind to cognate TLR receptors in sepsis, TLR
dimers activate intracellular NF-κB signaling cascades. Activation of NF-κB correlates with ubiquitination and degradation of the NF-κB inhibitor IκB-α,
resulting in the dissociation of NF-κB. Liberated NF-κB sequentially translocates to the nucleus where it initiates transcription of immune-related genes
such as IL-6 and TNF-α. Moreover, TLR dimers also phosphorylate p38 MAPK, inducing activation of transcription factor AP-1, facilitating transcription of
cytokines. Cytokines exhibit their biological effects through activation of STAT3, which occurs via phosphorylation of JAK1, JAK2, and STAT3.
Phosphorylated STAT3 dimerizes and translocates to the nucleus, initiating transcription of target genes. Roflumilast regulated NF-κB and p38 MAPK
signaling by suppression of IκB-α degradation, NF-κB translocation, and p38 MAPK phosphorylation, thereby inhibiting consequent production of
cytokines and cytokine-mediated activation of STAT3. On the other hand, roflumilast increased cAMP accumulation and CREB phosphorylation.
Activation of CREB is potentially involved in the inhibition of NF-κB and p38 MAPK signaling.
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inhibition of STAT3 signaling may have a vital role in
alleviating liver injury of sepsis.

The recommended dosage of roflumilast for patients with
COPD is 500 μg/day. In the present study, we found that
roflumilast protected mice against CLP-induced sepsis in a
dose-dependent manner, which reached a statistically sig-
nificant level at 1.0 mg/kg. Notably, 1.0 mg/kg of roflumilast
in mice is equivalent to 0.08 mg/kg of that in human
according to ‘Conversion of Animal Doses to Human
Equivalent Doses’ from the US FDA.61 Although 1–10
mg/kg of roflumilast is a common dosage regime used in
animal studies,62–64 we still need to point out that the
minimal effective dose of roflumilast in this study is about 10
times higher than the recommended dosage used in human
for COPD. We speculate the high doses roflumilast needed in
sepsis may be due to the rapidly progression and severity of
sepsis and the shorter-term treatment than COPD. Never-
theless, additional studies to further evaluate the safety and
possible side effects of roflumilast at 1.0 mg/kg are required in
the future.

In the current study, we used the CLP model to test the
effect of roflumilast on sepsis-induced liver injury. Notably,
using only one model in the study is not yet adequate to
support our hypothesis that roflumilast could protect mice
against sepsis-induced liver injury. Further studies in other
models are need to confirm our findings. Moreover, in the
present study, we found that roflumilast enhanced the level of
cAMP and activated PKA/CREB signaling pathway in the liver
in our model. However, as there are crosstalk between PKA/
CREB signaling and other signal pathways, such as MKK/p38
MAPK and IKK/NF-κB pathways, more studies are still
needed to elucidate the interaction between these pathways
and the exact mechanisms by which roflumilast reduces
inflammation in sepsis. Notwithstanding the limitations, this
study does introduce roflumilast into the field of sepsis-
induced liver injury. In addition, as sepsis is a systemic disease
and PDE4 is widely expressed throughout the body, the
protective effect of roflumilast might not be confined to liver
injury.

In summary, these results indicate for the first time that
treatment with the PDE4 inhibitor roflumilast is an effective
strategy against CLP-induced sepsis. Roflumilast suppressed
the expression of pro-inflammatory cytokines IL-6 and
TNF-α, alleviated liver damage, and improved survival in
polymicrobial sepsis, probably via blockade of the NF-κB, p38
MAPK, and STAT3 pathways (Figure 10). The current data
provide novel insights into the pharmacological activities of
roflumilast as an add-on strategy for the treatment of sepsis.
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