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Background: Sepsis is initiated by the dysfunctional response of the host immune system to infection. Septic shock and acute lung 
injury (ALI) are the main etiology of death caused by sepsis. Glucocorticoids, which are commonly used in clinic to antagonize the 
inflammatory response of sepsis, may cause serious side effects. Isoforskolin (ISOF) from the plant Coleus forskohlii stimulates 
adenylyl cyclase, increases the cAMP level and inhibits inflammatory response. The aim of this study was to investigate the synergistic 
effect of ISOF with dexamethasone (DEX) to prevent and ameliorate septic inflammation.
Methods: Lipopolysaccharide (LPS) of 30 and 5 mg/kg (iv.) was used to induce sepsis and ALI mice model respectively in vivo. 
BEAS-2B cells stimulated by LPS were applied as cell model in vitro. The cumulative survival of mice with LPS-induced sepsis and 
the histopathological changes of lungs in mice with acute lung injury were observed, and the secretion of pro-inflammatory cytokines 
was analyzed by ELISA. The expression of RGS2 in BEAS-2B cells was detected by immunoblotting assay and PCR.
Results: In the sepsis mice model, ISOF (10 mg/kg) combined with DEX (10 mg/kg.) (ip.) pretreatment significantly increased mice 
survival rate from 33.3% to 58.3%, which was significantly higher than that of ISOF or DEX treated alone. In the ALI mice model, 
ISOF, DEX pretreatment alone and combined application attenuated pulmonary pathological changes in ALI mice. Furthermore, ISOF, 
DEX alone or combined administration decreased MPO, MDA, IL-6, and IL-8 levels, while significantly synergistic effects were 
observed in the combined treatment group compared with ISOF or DEX alone. In BEAS-2B cells, combined pretreatment with ISOF 
and DEX significantly decreased the expression of IL-8 and increased the expression of RGS2.
Conclusion: The results indicated that ISOF in combination with DEX synergistically improves survival rate and attenuates ALI in 
mice model through anti-inflammatory and antioxidant effects.
Keywords: isoforskolin, sepsis, acute lung injury, pulmonary inflammation, glucocorticoids, regulator of G-protein signaling 2

Introduction
Sepsis is a dysregulated response of the host immune system to infection, resulting in life-threatening organ dysfunction.1 

Sepsis has a high incidence and is one of the leading causes of death worldwide.2 Despite advances in intensive care 
medicine and related disciplines, the mortality rate for patients who develop septic shock remains high, creating a heavy 
economic burden.3 Lungs are more vulnerable to inflammatory cytokines than other organs and are the most susceptible 
target organ, especially in sepsis patients.4 Acute lung injury (ALI) and severe acute respiratory distress syndrome 
(ARDS) are serious respiratory diseases that are the main cause of sepsis and the manifestation of sepsis involving the 
lungs. Despite decades of clinical efforts, mortality in patients with ALI remains high (>50%), and sepsis-related ALI/ 
ARDS has a higher mortality rate compared with ALI induced by other causes.5,6 Lipopolysaccharide (LPS) is an 
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endotoxin, which can activate the inflammatory signal pathway via toll-like receptor 4 (TLR4), induce a large number of 
inflammatory cytokines and recruit extensive macrophages and neutrophils in the lung.7

To date, there are no effective therapeutic drugs for sepsis and ALI, and the mortality rate remains high. The 
guidelines recommend corticosteroids used in the presence of shock for some benefit in sepsis.8 Dexamethasone (DEX) 
is a glucocorticoid (GC) commonly used in clinical practice and exhibits anti-inflammatory properties in a variety of 
diseases, such as sepsis.9 Studies have shown that DEX has a protective effect on pulmonary dysfunction.10,11 But the use 
of large amounts of GCs can lead to slow clearance of viruses and bacteria in the body, and the adverse effects of GC 
have limited their use.12 Therefore, the systemic use of GCs for the treatment of sepsis and ALI is controversial, and new 
effective therapeutic agents and strategies to increase the efficacy of GCs are urgently needed.

In recent years, anti-inflammatory drugs regulating cAMP are gaining more and more attention. It has been found 
through numerous studies that cAMP acts as an anti-inflammatory agent by inducing the regulation of pro-catabolic 
mediators, apoptosis, bubble cell action and phagocytosis, non-phagocytic recruitment of macrophages, macrophage 
polarization, and restoration of aspects of tissue homeostasis.13 Isoforskolin (ISOF), the extract of medicinal plant 
Coleus forskohlii in Yunnan, is an adenylyl cyclase agonist which can increase cAMP levels in different tissues and 
cells, thus regulating many cell functions and has anti-inflammatory effect.14 Increasing cAMP has been shown to 
have a preventive effect on ALI, asthma and COPD.15–17 We previously found that ISOF can improve the survival rate 
of LPS-induced sepsis mice, and ISOF can reduce the lung injury of various models caused by LPS intravenous 
injection and in situ perfusion, and reduce the levels of neutrophil and inflammatory cytokines in the lung tissues.14 

Moreover, ISOF showed inhibitory effect on LPS-induced release of inflammatory mediators in human mononuclear 
leukocytes.18

Regulator of G-protein signaling 2 (RGS2) is an important member of the G protein-binding receptor family, 
a GTPase-activating protein that attenuates Gq signaling. RGS2 is distributed in airway epithelial cells and airway 
smooth muscle, it inhibits leukocyte aggregation, has anti-inflammatory and bronchoprotective effects, and is 
a potential therapeutic target for asthma and COPD.19–25 GCs have two different modes of action, genomic and non- 
genomic mechanisms. Genomic mechanisms are those in which GCs bind to their nuclear receptors and act by 
regulating the expression of relevant genes in the nucleus. In contrast, GCs are also able to regulate intracellular 
cAMP and Ca2+ levels and their downstream signaling pathways in a rapid response, causing cellular and organismal 
changes, and there may be membrane receptors for GCs, also known as non-genomic effects of GC. Stephanie Greer 
et al found that adenosine A2B receptor agonists, when used in conjunction with glucocorticoids, may be useful in the 
treatment of inflammatory diseases that do not respond well to glucocorticoid monotherapy. The mechanism of action 
is through mediated gene expression associated with cAMP formation, which RGS2 is one of the genes found to be 
positively cooperative. The gene expression of RGS2 represents a genomic mechanism that may contribute to the 
therapeutic activity of GCs.19–25 Therefore, the aim of the present study was to investigate the synergistic effect of 
ISOF and DEX in combination to antagonize septic and ALI, and to explore the possible mechanisms of synergistic 
effect.

Materials and Methods
Chemicals and Reagents
ISOF (purity >99.9%) was synthesized by Basilea Pharmaceutica (Jiangsu, China) according to the patent method of ISOF 
synthesis (ZL201610044817.8). LPS (E.coli serotype o111: B4) was obtained from Sigma (USA). DEX injection was 
supplied from Tiantaishan, Chengdu (China). Superoxide dismutase (SOD) assay kit, malondialdehyde (MDA) assay kit, 
myeloperoxidase (MPO) assay kit were purchased from Nanjing Jiancheng Bioengineering Institute (China). Anti-RGS2 
antibody was obtained from Santa Cruz (USA). Mouse IL-8 and IL-6 ELISA kits were supplied from Proteintech (USA). 
Trizol reagent, primescript™RT reagent kit with gDNA Eraser, SYBRGreen were obtained from TaKaRa (Japan).
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Animals
Male C57BL/6 mice (body weight: 18–22 g, age: 6–8 weeks) were purchased from Charles River Laboratories (Beijing, 
China). Animals were kept in specific non-pathogenic facilities, free access to food and water, and 12 hours in light and 
dark every day. Animal experiments were approved by the Animal Experimental Ethical Committee of Kunming Medical 
University (KMMU-2018001). Animals were received humane care in compliance with the National Institutes of Health 
guidelines.

The mice were sacrificed by cervical dislocation method at the end of the experiment.

Septic Model and Drug Administration
The sepsis model was established by injection of LPS through the tail vein. Mice in each group were given LPS (30 mg/ 
kg dissolved in saline) at a dosage volume of 200 μL/mouse, with 12 animals in each group. To explore the effects of 
ISOF, DEX, ISOF combined with DEX on cumulative survival rate of LPS-induced sepsis mice, mice were divided into 
ISOF group (1.25, 2.5, 5, 10, 20 mg/kg), DEX group (1.25, 2.5, 5, 10, 20 mg/kg) and the combined administration group 
(ISOF2.5, DEX2.5, ISOF2.5 +DEX2.5, ISOF10, DEX10, ISOF10 +DEX10 mg/kg). Mice were pretreated by intraper
itoneal injection of the corresponding drugs for 3 days and then injected with LPS 30 mg/kg via tail vein on the third day. 
The survival time of mice within 72 hours was observed.

Acute Lung Injury Mouse Model and Drug Administration
LPS intravenous injection to induce septicemic lung injury is the most widely used method for modeling ALI.26–28 All 
mice were randomly divided into five groups: control group, LPS group, LPS+ISOF (10 mg/kg) group, LPS+DEX (5 mg/ 
kg) group, LPS+ISOF (10 mg/kg)+DEX (5 mg/kg) group. ISOF was dissolved in DMSO and diluted with saline and LPS 
dissolved in saline, with a volume of 200 μL for each mouse.

On the first day, the mice in the treatment group were given an intraperitoneal injection of the corresponding drug for 
pretreatment. The normal group and LPS group were given an equal volume of DMSO intraperitoneal injection. The drug 
was administered once a day for 3 consecutive days. Mice in the LPS group, LPS+ISOF group, LPS+DEX group and 
LPS+ISOF+DEX group were injected with LPS (5mg/kg) via caudal vein at 2 hours after administration on the third day. 
Mice underwent euthanasia 24 hours after injection of LPS.

The left lung lobes were placed in 4% paraformaldehyde for HE staining and immunohistochemistry. The middle lobe 
of the right lung was weighed to measure the wet weight, and the wet lungs were then dried in a petri dish at 60°C for 24 
hours and reweighed (dry weight) to calculate the wet/dry weight ratio (W/D) of the lung. The remaining lung tissues 
were homogenized and the supernatants were used for the detection of MDA, MPO, SOD, IL-6, and IL-8.

Cell and Cellular Model of LPS-Induced Inflammatory Response
Human bronchial epithelial cells (BEAS-2B cell line) were purchased from American Type Culture Collection. BEAS- 
2B cells were cultured in DMEM containing 10% FBS (Biological Industries, Israel) with 1% penicillin-streptomycin 
solution at 37°C, 5% CO2 cell culture incubator. The experimental groups are as follows: control group, LPS group, LPS 
+DEX group, LPS+ISOF group, and LPS+DEX+ISOF group. The concentrations of LPS, DEX, and ISOF were 2.5μg/ 
mL, 1μmoL and 10μmoL respectively. The cells were pretreated with corresponding drugs for 2 hours before LPS was 
added. Cells were collected at 6 h for detection.

Cell Viability Assay
BEAS-2B cells (1 × 104 cells/well) were seeded on 96- well culture plates in triplicate for 48 h and incubated with ISOF 
(5, 10, 15, 20 μmol/L), DEX (0.5, 1, 10 μmol/L), LPS (2.5, 5, 10 μg/mL) for 6 h. Cell viability was assessed using the 
MTS assay.
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Lung Histopathology
The lower lobe of the right lung was routinely dehydrated, embedded, sectioned and HE stained, and the degree of 
inflammatory response in the sections was observed using an automated microscope. Lung histopathology was scored 
concerning the Smith scoring system.29 A semi-quantitative analysis of 0–4 points was performed for pulmonary edema, 
alveolar and interstitial hemorrhage, alveolar and interstitial inflammation, and solid lung formation, respectively.

Lung Tissue Homogenate
Lung tissues were weighed accurately, and double-distilled water was added in the ratio of tissue weight (g): solution 
volume (mL) = 1:19 and homogenized on ice. After centrifugation at 10,000 rpm for 10 min, the homogenate super
natants were transferred and stored at −80°C.

Determination of MDA, MPO and SOD in Lung Tissue Homogenate
MDA, MPO and SOD are the main indicators used to evaluate the oxidative damage in acute lung injury. The level of 
MDA, MPO and SOD was determined according to the manufacturer’s instructions.

Quantitative Real-Time PCR
Trizol was used to extract total RNA from cultured cells according to the manufacturer’s instructions and then reverse 
transcripted into cDNA. SYBRGreen-based general fluorescence detection was performed using the Applied Biosystems 
7500 detection system for real-time RT-PCR detection. PCR conditions were pre-denaturation at 95°C for 30s, PCR 
reaction: 40 cycles, 95°C for 30s, 63°C for 30s. The relevant primer sequences were: RGS2 (Forward Primer 
AAAAGCTGTCCTCAAAAGCAAGG, Reverse primer TTTTCTGGGCAGTTGTAAAGCAG), IL-8 (Forward Primer 
ACTGAGAGTGATTGAGAGTGGAC, Reverse primer AACCCTCTGCACCCAGTTTTC), GAPDH (Forward Primer 
CATGTTCGTCATGGGTGTGAACCA, Reverse primer AGTGATGGCATGGACTGTGGTCAT).

Western Blot Analysis
Proteins were extracted from cultured cells by using RIPA lysis buffer. The protein concentrations were detected by 
the BCA test kit (Beyotime). Total protein was mixed with 5 × loading buffer, boiled, separated by 10% SDS-PAGE, 
and transferred to PVDF membranes, which were blocked with QuickBlock™ Western Blocking Solution (Beyotime) 
for 1 hour. PVDF membranes were incubated with the specific primary antibodies diluted in blocking solution 
overnight at 4°C. After being washed with TBST five times, the PVDF membranes were incubated with the secondary 
antibody at room temperature for 1.5 hours. Finally, bands were detected and quantified by using Amersham Imager 
600 with an ECL reagent. The exposure times for RGS2 and GAPDH were 3.2 seconds and 0.4 seconds, respectively.

ELISA Assay
IL-6 and IL-8 levels in the supernatant of mouse lung homogenate and cell culture suspensions were measured with 
ELISA kits according to the instructions.

Statistical Analysis
Statistical Analysis Kaplan-Meier test and Log rank test were used to compare survival curves. Cox proportional hazards 
regression model was used to analyze the effect of the combined use of ISOF and DEX on survival curves. The 
experimental data were expressed as mean ± SEM and analyzed by IBM SPSS statistics 23.0 software. The data were 
first tested for normality and ANOVA, and if they conformed to the normal distribution and chi-square, one-way ANOVA 
was used; if the variance was not chi-square, the rank-sum test was performed, and P-values < 0.05 were considered 
statistically significant. SigmaPlot 12.5 graphics software was used for plotting. The synergistic effect of the two drugs 
was calculated according to the Bliss Independence formula. Bliss Independence is described by the probability 
independence equation: EA + EB - EA ×EB, 0 ≤ EA/ EB≤1, EA and EB are the respective effects of ISOF and DEX. 
The resultant Composite Index (CI) can be calculated as EAþEB� EA�EB

EAB
. EAB is the combined effect of ISOF and DEX. The 
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CI is accepted as the standard measure of a combination effect to indicate an antagonistic >1, additive = 1, or 
synergistic<1.30,31

Results
Synergistic Protective Effect of DEX and ISOF on the Cumulative Survival in 
LPS-Induced Sepsis Mice
The results showed that the median survival time of mice in the LPS group was 20 hours. The cumulative survival rates 
of mice in the ISOF (1.25, 2.5 mg/kg) and DEX (1.25, 2.5 mg/kg) groups were not significantly different from those in 
the LPS group, suggesting that the above dose groups had no antagonistic effect on LPS-induced sepsis death in mice. 
The cumulative survival rates of ISOF at 5, 10 mg/kg and DEX at 5, 10, 20 mg/kg were 25.0%, 33.3%, 25%, 33.3% and 
33.3% respectively, and the median survival times were 32 hours, 48 hours, 32 hours, 42 hours and 44 hours, 
respectively, which were significantly higher than those of other groups (Figure 1A and B).

To further explore whether ISOF combined with DEX had antagonistic effects on LPS-induced sepsis in mice, the 
ineffective dose of ISOF 2.5 mg/kg and DEX 2.5 mg/kg were used. The results showed that mice in both the ISOF and 
DEX groups died within 24 hours, but the cumulative survival rate increased to 25% for mice administered in the 
combined group, and the median survival time of mice increased to 32 hours (Figure 1C). Therefore, ISOF (2.5 mg/kg) 
combined with DEX (2.5 mg/kg) could significantly improve the cumulative survival rate of LPS-induced sepsis mice 
compared with ISOF and DEX alone. The effective dose of ISOF 10 mg/kg and DEX 10 mg/kg were further selected for 
combined use. The results are shown in Figure 1D. Compared with the LPS group, ISOF, DEX, and ISOF+DEX all 
significantly improved the cumulative survival rate of sepsis mice, and the highest cumulative survival rate of 58.3% was 
observed in the ISOF+DEX group, which was significantly higher than that of ISOF and DEX alone (Figure 1D). Cox 
proportional risk regression model was used for statistical analysis, and the results showed that there was a significant 
interaction between ISOF and DEX (Figure 1E). The Bliss Independence model was used to calculate whether the two 
drugs had a synergistic effect, and the results of different doses showed that the Combination Index (CI) was <1, 
suggesting a synergistic effect of ISOF and DEX (Table 1).

ISOF Combined with DEX Alleviated the Pathological Changes in ALI Mice
We further investigated the therapeutic effects of ISOF, DEX, and ISOF combined with DEX on LPS-induced ALI in 
mice. The results of HE staining of mouse lung tissues are shown in Figure 2A. LPS group showed obvious manifesta
tions of alveolitis, with a large number of inflammatory cells and erythrocytes infiltrating the alveolar cavity and 
interstitium, and the alveolar wall was edematous, with the significant widening of the septum and structural destruction 
of the alveolar wall. Pretreatment alone and combined application attenuated pathological changes such as decreased 
neutrophil infiltration, mucus and red blood cells in the alveolar cavity. The lung injury index (Smith score) and wet/dry 
weight ratio were significantly increased in the LPS group compared with control group, and were lower in the LPS 
+ISOF+DEX group than in the LPS group (Figure 2B and C). These data indicated that ISOF combined with DEX 
reduced the inflammatory lung injury, and the effect was significantly enhanced compared with ISOF and DEX alone.

ISOF Combined with DEX Ameliorated the Levels of MDA, MPO, and SOD in ALI 
Mice
The lung tissues were homogenized to determine the MDA, MPO and SOD levels, and the results in Figure 3A–C 
showed that MDA and MPO were significantly higher and SOD was significantly lower in the LPS group compared with 
the control group, while MDA and MPO were significantly lower and SOD was higher in the ISOF combined with DEX 
group compared with the LPS group. The results suggest that ISOF combined with DEX could antagonize the oxidative 
stress response in the lungs of ALI mice.

Journal of Inflammation Research 2023:16                                                                                          https://doi.org/10.2147/JIR.S421232                                                                                                                                                                                                                       

DovePress                                                                                                                       
5993

Dovepress                                                                                                                                                             Fang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


ISOF Combined with DEX Reduced IL-6, IL-8 Levels in ALI Mice
In this study, the IL-6 and IL-8 levels in the lung tissues of mice in each group were measured by ELISA, and the results 
showed that ISOF and DEX both reduced the levels of IL-6 and IL-8 in the lung tissues of ALI mice, especially the ISOF 
+DEX group had a significant effect (Figure 4A and B)

Figure 1 Cumulative survival rate of ISOF, DEX and ISOF combined with DEX on LPS-induced sepsis in mice. (A) Effect of different concentrations of ISOF on the 
cumulative survival rate. (B) Effect of different concentrations of DEX on the cumulative survival rate. (C) Effect of combined ISOF and DEX single ineffective dose on the 
cumulative survival rate. (D) Effect of combined ISOF, DEX single effective dose on cumulative survival rate. (E) Cox regression analysis of the effect of ISOF combined with 
DEX on the cumulative survival rate of mice with LPS-induced sepsis. Compared with LPS groups, #P<0.05; compared with DEX group, *P<0.05; compared with ISOF group, 
&P<0.05 (n=12). Kaplan-Meier test and Log rank test were used to compare survival curves. Cox proportional hazards regression model was used to analyze the effect of 
the combined use of ISOF and DEX on survival curves.
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Effects of ISOF, DEX and the Combination of Both on LPS-Induced BEAS-2B Cell 
Model
RGS2 is an important anti-inflammatory protein, and many studies have found that RGS2 has bronchoprotective effects 
and anti-inflammatory activity.19,25 Bronchial epithelial cells play an important role in amplifying and regulating the 
inflammatory process caused by immune cells.32 Therefore, we speculated that the synergistic effect of ISOF combined 
with DEX might related to the upregulation of RGS2 expression in bronchial epithelial cell, which could enhance the 
efficacy of DEX. Thus, cellular experiments were performed to verify this.

The results showed that no significant cell proliferation and inhibition were observed in the detected concentration 
range of ISOF, DEX, or LPS in BEAS-2B cells (Figure 5A). To explore the regulatory effects of ISOF, DEX and their 
combination on RGS2 in the LPS-induced BEAS-2B inflammatory cell model, the expression level of RGS2 in each 
group was measured. The results were shown in Figure 5B, LPS had no effect on the expression of RGS2 in BEAS-2B 
cells compared to the control group. ISOF and DEX alone mildly upregulated RGS2 expression, while the combination 
of ISOF and DEX resulted in a significant upregulation of RGS2 expression. The results indicated that the combination 
of ISOF and DEX could significantly upregulate LPS-induced RGS2 mRNA expression in BEAS-2B cells. We further 
verified the protein expression level in each experimental group. The results showed that LPS slightly inhibited the 
expression of RGS2 in BEAS-2B cells, and the combined use of ISOF and DEX had a significant effect on RGS2 
expression, and its upregulation level was significantly enhanced compared with ISOF and DEX use alone (Figure 5C). 
To further confirm the antagonistic effect of the combination on the LPS-induced inflammatory response, we examined 
the expression of IL-8 in BEAS-2B cells. The results were shown in Figure 5D, the expression of IL-8 mRNA was 
significantly upregulated in LPS group. ISOF, DEX and ISOF+DEX could inhibit the LPS-induced IL-8 mRNA 
expression, and the combination of ISOF and DEX could enhance the effect of ISOF and DEX alone.

Discussion
So far, there are no effective therapeutic agents for sepsis and ALI. Although there is still no complete consensus on the 
use of GCs in sepsis and ALI, current studies still show that GCs can suppress the inflammatory response and improve 
survival in animal models of ALI and clinical patients33 and that GCs can suppress the inflammatory response in 
a variety of pulmonary inflammatory diseases, and existing studies have shown that drugs that increase cAMP in 
combination with GCs can improve anti-inflammatory effects.34 The mechanism of GC action is mainly mediated 
through genomic and non-genomic mechanisms by binding to the glucocorticoid receptor, directly inhibiting the 
transcription of inflammatory cytokines such as nuclear factor-kappa B (NF-κB) and activate protein-1 (AP-1) or 
activating anti-inflammatory genes such as RGS2.35,36

Oxidative damage is one of the important pathogenesis of ALI.37,38 LPS activates enzymatic and non-enzymatic 
systems to produce large amounts of ROS, leading to the oxidation of cellular proteins, lipids and DNA. Lipid oxidation 
can lead to cellular and mitochondrial membrane damage, causing cell necrosis, and DNA damage due to ROS can cause 

Table 1 Bliss Independence Model to Calculate Drug Interactions

Group (mg/kg) Survival Rate (%) CI Interaction

LPS 30 +ISOF 2.5 0 0 Synergistic
LPS 30 +DEX 2.5 0

LPS 30 +ISOF 2.5 +DEX 2.5 25%

LPS 30 +ISOF10 33.30% 0.952 Synergistic

LPS 30+DEX 10 33.30%
LPS 30+ISOF10 +DEX10 58.30%

Notes: Bliss Independence is described by the probability independence equation: EA + EB - EA 
×EB, 0 ≤ EA/ EB≤1, EA and EB are the respective effects of ISOF and DM. The resultant 
Composite Index (CI) can be calculated as. EAB is the combined effect of ISOF and DM. The 
CI is accepted as the standard measure of a combination effect to indicate an antagonistic >1, 
additive = 1, or synergistic<1.
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apoptosis in lung tissue, further aggravating lung injury. Our study suggests that the combined use of ISOF and DEX is 
superior to ISOF or DEX alone in terms of antioxidant damage capacity.

Inflammatory response is the core mechanism of ALI. IL-6 and IL-8 are important pro-inflammatory factors produced 
by activated neutrophils, alveolar macrophages and lung structural cells.39 Elevated IL-6 and IL-8 levels are strongly 
associated with morbidity and mortality in patients with ALI.40 Therefore, IL-6 and IL-8 levels are currently considered 
as markers of the degree of physiological damage and persistent cellular damage in ALI.41 The results in this study 
suggest that the combination of ISOF and DEX has a stronger effect on antagonizing LPS-induced lung pathology and 
inflammation than ISOF or DEX alone.

We further explored the molecular mechanism of the anti-inflammatory response of ISOF combined with DEX in 
BEAS-2B inflammatory cell model. The results showed that ISOF and DEX combined pre-incubation significantly 

Figure 2 Effects of ISOF and DEX on histopathological changes of lung tissue in ALI mice (A) Histopathological changes (HE staining, ×100). (B) Lung injury score. (C) wet/ 
dry weight ratio. LPS 5 mg/kg, ISOF 10 mg/kg, DEX 5 mg/kg. Compared with control group, #P<0.05, compared with LPS group *P<0.05 (n=5-8). Compared by one-way 
analysis of variance or Kruskal–Wallis or one-way analysis of variance on ranks followed by Student–Newman–Keuls test.
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Figure 3 Effects of ISOF and DEX on MDA (A), MPO (B) and SOD (C) levels in lung tissue homogenate of ALI mice. LPS 5 mg/kg; ISOF 10 mg/kg; DEX 5 mg/kg. Compared 
with control group, ###P<0.001; compared with LPS group,*P<0.05, **P<0.01, ***P<0.001; Compared with LPS+DEX group, andP<0.05; compared with LPS+ISOF group, $ 
$P<0.01 (n=4). Compared by one-way analysis of variance or Kruskal–Wallis or one-way analysis of variance on ranks followed by Student–Newman–Keuls test.

Figure 4 Effects of ISOF and DEX on IL-6 and IL-8 levels in lung tissue of ALI mice. (A) IL-6 level determined by ELISA. (B) IL-8 level determined by ELISA. LPS 5 mg/kg, 
ISOF 10 mg/kg, DEX 5 mg/kg. Compared with control group #P<0.05, ###P<0.001. Compared with LPS group, *P<0.05, ***P<0.001. Compared with LPS+DEX group, and 
P<0.05, and P<0.01; compared with LPS+ISOF group, $P<0.05, $$$P<0.01 (n=4). Compared by one-way analysis of variance or Kruskal–Wallis or one-way analysis of 
variance on ranks followed by Student–Newman–Keuls test.
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increased the expression of RGS2, while downregulated IL-8 expression; synergistic enhanced effects were observed 
in ISOF and DEX combined group. RGS2 is widely present in the cell membrane, cytoplasm and nucleus of human 
and animal tissues. It can inhibit airway smooth muscle contraction and leukocyte aggregation function by blocking 
GPCRs from receiving signals via Gq.42 RGS2 can reduce calcium inward flow induced by agonists of GPCRs, 
a mechanism that is extremely important in the pathogenesis of COPD and asthma. RGS2 has been reported to have 
bronchoprotective effects and anti-inflammatory activity against LPS-induced acute neutrophilic inflammation in 
mice. Inhaled corticosteroids and long-acting β2-adrenoceptor agonists can induce up-regulation of RGS2, which is 
beneficial for ameliorating acute neutrophilic aggravation of airway disease.25 RGS2 deficiency promoted airway 

Figure 5 Effects of ISOF, DEX and the combination of both on LPS-induced inflammation in a BEAS-2B cell model. (A) The effect of ISOF, DEX and LPS on cell viability of 
BEAS-2B cells. (B) Regulatory effects of ISOF and DEX on LPS-induced RGS2 mRNA expression in BEAS-2B cells. (C) Regulatory effects of ISOF and DEX on LPS-induced 
RGS2 protein expression in BEAS-2B cells. (D) Regulatory effects of ISOF and DEX on LPS-induced IL-8 mRNA expression in BEAS-2B cells. All of the above experiments 
were at least greater than or equal to three independent replicates. Compared with control group #P<0.05, ##P<0.01. Compared with LPS group, *P<0.05. Compared with 
LPS+DEX group, and P<0.05; compared with LPS+ISOF group, $P<0.05. Compared by one-way analysis of variance or Kruskal–Wallis or one-way analysis of variance on 
ranks followed by Student–Newman–Keuls test.
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hyperresponsiveness, mucin expression and airway remodeling in mice. In human airway epithelial cells and airway 
smooth muscle, LABAs and other cAMP-enhancing drugs and GCs increased RGS2 mRNA and protein expression, 
and LABA combined with GCs had a synergistic effect on RGS2 expression upregulation. In BEAS-2B cells, the 
induction of RGS2 expression by LABA was enhanced and prolonged by GC, and its upregulation was much greater 
than the simple sum of the effects alone and the increased dosage of GCs alone.19,24 In this study, ISOF combined 
with DEX significantly upregulated RGS2 expression, which was consistent with previous reports on the upregula
tion of RGS2 by LABA or forskolin combined with GC. Furthermore, ISOF combined with DEX significantly 
downregulated LPS-induced inflammatory factor IL-8 mRNA expression and upregulated RGS2 mRNA expression 
levels, consistent with the report that RGS2 overexpression inhibited acetylcholine-induced IL-8 release.19 The 
above evidence suggested that RGS2 might play a role in the antagonism of DEX against LPS induced inflammatory 
factor release, while additional studies are still needed to clarify the molecular mechanisms of synergetic effect. 
Furthermore, systematic preclinical research is also required to evaluate the potential benefit of combined treatment 
with ISOF and DEX in animal models.

Conclusion
In conclusion, this study reported for the first time that ISOF (an adenylyl cyclase agonist) combined with DEX 
improve septic and ALI in mice, and found that ISOF combined with DEX had a synergistic effect, which could 
improve the survival rate of the LPS-induced sepsis in mice, and reduce lung injury and pulmonary inflammation. 
Mechanistically, the synergistic effect of ISOF and DEX may be associated with enhanced anti-inflammatory and 
antioxidant. The synergistic effect of DEX and ISOF may provide new therapeutic strategy for the treatment of ALI 
and sepsis.
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