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Aim: To examine the therapeutic/preventive potential of liposome-encapsulated 
spironolactone (SP; Lipo-SP) for acute lung injury (ALI) and fibrosis. Materials & 
methods: Lipo-SP was prepared by the film-ultrasonic method, and physicochemical 
and pharmacokinetic characterized for oral administration (10 and 20 mg/kg for SP-
loaded liposome; 20 mg/kg for free SP) in a mouse model bleomycin-induced ALI. 
Results: Lipo-SP enhanced bioavailability of SP with significant amelioration in lung 
pathology. Mechanistically, SP-mediated mineralocorticoid receptor antagonism 
contributes to inflammatory monocyte/macrophage modulation via an inhibitory 
effect on Ly6Chi monocytosis-directed M2 polarization of alveolar macrophages. 
Moreover, Lipo-SP at lower dose (10 mg/kg) exhibited more improvement in body 
weight gain. Conclusion: Our data highlight Lipo-SP as a promising approach with 
therapeutic/preventive potential for ALI and fibrosis.
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Background
The past decade has witnessed an emerging 
role of monocyte/macrophage in a variety of 
inflammatory disease processes  [1–3], which 
highlights a contribution of inflammatory 
monocyte/macrophage subsets mediated pro-
inflammatory overactivation, tissue destruc-
tion, delayed resolution of inflammation and 
persistent fibrotic response, to organ fibrosis 
and failure  [4–7]. Thus, modulating mono-
cyte/macrophage phenotype switching, pri-
marily, by inhibiting inflammatory subsets 
may serve as a treatment option for diseases 
dominated by overactivation of monocytes/
macrophages [8–10].

Mineralocorticoid receptor (MR), as an 
intracellular receptor for aldosterone, its over-
activation has been implicated as a key player 
in cardiovascular disease. Accordingly, phar-
macological antagonism of MR using spi-
ronolactone (SP) is associated with improved 
cardiovascular outcomes  [11,12]. To date, the 

beneficial role of MR antagonism has been 
mainly deemed to be achieved via a potas-
sium-sparing-mediated diuretic and intra-
renal effect. However, the recent discovery 
that mice lacking myeloid MR are protected 
against angiotension II-induced cardiac 
hypertrophy and fibrosis [13] opens a new ave-
nue for extrarenal effects of aldosterone  [14]. 
Recently, we and other group independently 
reported that systemic blockade of MR by SP 
could attenuate bleomycin (BLM)-induced 
acute lung injury (ALI) and fibrosis [15,16]; we 
also demonstrated an inhibitory effect of SP 
on MR-downstream signaling overactivation 
induced circulating Ly6Chi monocytosis and 
alveolar macrophage M2 polarization [15].

Clinically, the benefit of SP is achieved 
only with long-term use via oral route, which 
is often associated with side effects of gyneco-
mastia, menstrual irregularities and decreased 
libido due to its nonselective progesterone 
receptor agonistic and androgen receptor 
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antagonistic activity. Moreover, SP is characterized by 
incomplete oral behavior because of its low solubility 
(2.8 mg/100 ml at 25°C in water) and slow dissolution 
rate  [17]. Liposome drug delivery systems have shown 
encouraging results in altering the bioavailability of 
encapsulated therapeutic agents, thus improving the 
drug therapeutic index in terms of longevity, targeta-
bility, drug safety profiles, therapeutic efficacy and dis-
tribution characteristics [18–20]. Additionally, liposomes 
can be engulfed by the mononuclear phagocyte system 
and is prone to recruit into the sites of inflammation 
due to increased vascular permeability via passive tar-
geting  [21]. Moreover, nanometric-sized drug delivery 
systems have been proposed to enhance the bioavail-
ability of drug after oral administration [22]. Therefore, 
in the present study, we hypothesized that MR antag-
onism by SP-encapsulated liposomes via oral route 
can achieve enhanced SP bioavailability with thera-
peutic/preventive potential for ALI and lung fibrosis 
through modulating the inflammatory phenotypes of 
circulating monocytes/lung macrophages.

Materials & methods
Following guidelines from the Tianjin Municipal Sci-
ence and Technology Commission (Regulations for 
Management of Experimental Animals, revised June 
2004) and National Institutes of Health (publica-
tion no. 85-23, revised 1996), our study was approved 
by the Animal Use and Care Committee of Pingjin 
Hospital.

Materials
SP was obtained from Melonepharma Co., Ltd (Dalian, 
China). Soybean phosphatidylcholine was manufac-
tured by Tywei Pharmaceutical Co., Ltd (Shanghai, 
China). Cholesterol was purchased from Aobox Bio-
technology Co., Ltd (Beijing, China). BLM A5 was 
supplied from Taihe Pharmaceutical Co., Ltd (Tianjin, 
China). Antimouse CD11b-phycoerythrin (PE; clone 
M1/70), antimouse Ly6C-FITC (clone HK1.4), anti-
mouse F4/80-PE-Cy5 (clone BM8), antimouse CD11c-
PE-Cy7 (clone N418) and antimouse CD206-PE (clone 
C068C2) were all obtained from Biolegend, Inc. (CA, 
USA). TRIzol was purchased from Invitrogen (CA, 
USA). SYBR Green PCR Master Mix was obtained 
from Roche Diagnostics (IN, USA). A Tachypleus ame-
bocyte lysate assay (China Horseshoe Crab Reagent 
Manufactory, Inc., Xiamen, China) was used to test for 
possible endotoxin contaminations of the liposomes. All 
other chemicals and solvents were of analytical grade.

Liposome preparation & characterization
In pilot studies, we have determined the optimal 
method for SP-encapsulated liposome (Lipo-SP) from 

three methods (film-ultrasonic  [23], ethanol injec-
tion  [24] and the reverse phase evaporation  [25] meth-
ods) based on their encapsulation efficacy (EE%). The 
result showed that the film-ultrasonic method yielded 
the highest EE% (78.3%) when compared with 
the ethanol injection (77.5%) and the reverse phase 
evaporation (65.5%) methods. We next used orthogo-
nal experimental design to optimize the prescription 
taking into account four factors (the ratio of drug to 
lipid, the ratio of cholesterol to lipid, the amount of 
Tween20 and the pH value of phosphate buffered 
saline (PBS) (Supplementary Tables 1 & 2). Specifically, 
soybean phosphatidylcholine, cholesterol and SP were 
dissolved in chloroform (weight ratio is 40:8:1) in a 
round-bottom flask. A lipid film was produced by a 
rotary evaporator and water bath with 50°C. The films 
were dried for 3 h to form dry lipid film under vacuum, 
and then resuspended in hydration buffer (PBS; pH 
6.5) followed by vigorous stirring at room temperature 
for 1 h. The lipid suspensions were slightly sonicated 
with a sonicator at 200 W for 4 min over an ice bath. 
Then, we filtered the solution with a 0.22 μm filter 
and freeze-thawed it three-times with liquid nitrogen. 
Drug-loaded liposomes were stored at 2–8°C. Empty 
liposomes (Emp-Lipo) were prepared using the same 
protocol without SP.

The mean diameters, polydispersity and zeta poten-
tial of liposomes were measured using the dynamic light 
scattering instrument Zetasizer (Nano ZS, Malvern, 
UK). The morphology of the liposomes was charac-
terized by a transmission electron microscope (JEOL, 
Japan). For liposome encapsulation assay, Lipo-SP sus-
pension (3 ml) was first dialyzed against PBS (pH 7.4) 
using a dialysis bag for 6 h. The concentration of SP 
which was outside and inside of the dialysis bag was 
determined by high performance liquid chromatog-
raphy (HPLC; LC-20AT, Shimadzu, Japan). Lipo-SP 
was dissolved in methanol, and 20 μl of the solution 
was injected into an octadecylsilane (ODS)-2 C18 col-
umns (Hypersil ODS-2, 250 mm × 4.6 mm, 5 μm, 
Thermo Scientific, MA, USA) at 30°C. The mobile 
phase was consisted of methanol and water (70:30, 
V/V). The flow rate was 1.0 ml/min with detection at 
238 nm. The EE% was calculated as follows:

For pharmacokinetic characterization of liposomes, 
35 male C57BL/6 mice were orally administered via 
gavage with Lipo-SP or free spironolactone (Free-SP) 
(20 mg/kg SP). Blood samples were collected from the 
submandibular vein at 0, 0.5, 1.0, 2.0, 3.0, 4.0, 6.0, 12 
and 24 h after administration. Plasma SP concentra-
tions were analyzed by HPLC according to the above-

%EE measured
measured unloaded

Drug

Drug Drug=
-
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mentioned methods. The pharmacokinetic parameters 
were calculated using the MultiFit program. For drug 
tissue biodistribution assays, 90 male C57BL/6 mice 
treated with BLM (see below; 1 h after oropharyngeal 
installation of BLM) were sacrificed by exsanguina-
tions under ether anesthesia followed by a brief infu-
sion of cold PBS via aorta at 0, 0.5, 1.0, 2.0, 3.0, 4.0, 
6.0, 12 and 24 h after oral administration of Lipo-SP 
or Free-SP (20 mg/kg SP; n = 45 for each group). Their 
lungs, heart, kidneys, and liver were quickly harvested 
for SP concentration measurement. After weighing, 
tissue samples were rinsed with saline in the ratio 1:9 
(W/V) by homogenization in a 4°C water bath and 
centrifuged at 20,000 × g for 10 min at 4°C. Then the 
drug concentration in supernatant was determined by 
HPLC.

Mouse model of ALI & fibrosis
Male C57BL/6 mice (Laboratory Animal Center of 
the Academy of Military Medical Sciences, Beijing, 
China) were lightly anesthetized by inhalation of 
ether, then BLM (2.5 mg/kg body weight in 40 μl 
saline) or saline (40 μl) was administered by oropha-
ryngeal installation as described previously in our lab-
oratory  [15,26]. Animals were then randomly assigned 
into the following six groups: 0.9% saline (Saline) 

only; BLM only; BLM + empty liposomes (Emp-
Lipo); BLM + Lipo-SP 10 mg/kg (Lipo-SP_10); BLM 
+ Lipo-SP 20 mg/kg (Lipo-SP_20); and BLM + Free-
SP 20  mg/kg (Free-SP_20). The doses for SP inter-
vention were based on pharmacokinetic study and 
our previous work using free SP in BLM-challenged 
mice  [15]. From the day of BLM installation (day 0), 
Emp-Lipo, Lipo-SP or Free-SP was delivered by oral 
gavage once daily, which was continued for 21 days. 
On days 1, 3, 7, 14 and 21, a total of 10–14 mice in 
each group were weighted and then euthanized by 
exsanguinations under ether anesthesia. Their blood, 
bronchoalveolar lavage fluid (BALF) and lung tissues 
were collected for further assays.

BALF & lung histology
BALF was collected with 1 ml of 0.9% sterile saline 
injected three times via right tracheal cannulation and 
centrifuged at 300 × g for 10 min at 4°C. The superna-
tant was collected for cytokine analyses. The remaining 
cell pellet was resuspended for cellular analyses, includ-
ing total cell counts, differential cell counts and flow 
cytometry (FCM) analyses. Circulating monocytes and 
cells from BALF were subjected to FCM on a Cytomics 
FC500 cytometer (Beckman Coulter, FL, USA), which 
was analyzed using FlowJo software (Treestar, OR, 

Table 1. Primer sequences used in this study.

Primers Sequences (5’–3’) PCR products (bp)

CCL2/MCP-1 TTAAGGCATCACAGTCCGAG 129

  TGAATGTGAAGTTGACCCGT  

TNF-α TCTTCTCATTCCTGCTTGTGG 128

  GGTCTGGGCCATAGAACTGA  

IL-1β AACGTGTGGGGGATGAATTG 130

  CATACTCATCAAAGCAATGT  

Arg-1 AGGAGAAGGCGTTTGCTTAG 115

  AGGAGAAGGCGTTTGCTTAG  

β-actin CTAAGGCCAACCGTGAAAAG 104

  ACCAGAGGCATACAGGGACA  

Table 2. Pharmacokinetic parameters of free spironolactone and liposome-entrapped 
spironolactone in mice (mean ± standard error of mean).

Parameters Free-SP Lipo-SP

Cmax (ng/ml) 10.18 ± 2.43 23.13 ± 2.86† 

Tmax (h) 1.099 ± 0.301 1.089 ± 1.356

t1/2 (h) 0.738 ± 0.188 0.736 ± 0.152

AUC0–24 h (h ng/ml) 30.41 ± 2.87 68.44 ± 8.25†

†p < 0.05.
AUC0–24h: Area under the plasma concentration-time curve; Cmax: Maximum concentration; Tmax: Time at which maximum concentration was 
observed; t1/2: Apparent elimination half-life.
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Figure 1. Liposome characterization: pharmacokinetics and biodistribution. (A) Representative transmission electrical microscopy 
of Lipo-SP; (B) diameter distribution of Lipo-SP; (C) plasma pharmacokinetic analysis of Lipo-SP and Free-SP in mice; (D) SP tissue 
distribution in bleomycin-treated mice 2 h following oral administration. *p < 0.05 (n = 5–7); and (E–H) dynamic profiles of SP organ 
distribution following oral administration. 
Free-SP: Free spironolactone; Lipo-SP: Liposome-entrapped spironolactone; SP: Spironolactone.
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USA). The gating strategies for analyzing circulat-
ing monocyte subsets and alveolar macrophages were 
according to our previous reports [15,26].

The left lung of each mouse (from which no BALF 
was harvested) was fixed in 4% paraformaldehyde 
solution at low pressure (10 mm H

2
O) for 24 h. Paraf-

fin-embedded sections were stained with hematoxylin-
eosin (H.E.) or Masson’s trichrome and examined on 

a light microscope (E600POL, Nikon, Tokyo, Japan). 
The severity of lung inflammation was quantified by 
a semiquantitative scoring method in a blinded fash-
ion [27]. The extent of fibrosis was determined by using 
digital quantitative analysis (Image Pro Plus software 
version 4.5, Media Cybernetics, MD, USA).

The whole left lung collagen content was deter-
mined by the analysis of hydroxyproline level as pre-
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Figure 2. Dynamic changes in body weight following 
bleomycin challenge in mice. n = 5–7. 
*p < 0.05; **p < 0.01. 
BLM: Bleomycin; Emp-Lipo: Empty liposomes; Free-
SP: Free spironolactone; Lipo-SP: Liposome-entrapped 
spironolactone.
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viously described  [28]. Absorbance was measured at 
550 nm on a NanoDrop 2000c spectrophotometer 
(Thermo Scientific, MA, USA). Results were expressed 
as micrograms of per left lung.

Total RNA was isolated from bronchoalveolar 
lavage-derived cells and lung tissue using TRIzol 
reagent. Transcript levels were determined by SYBR 
Green PCR Master Mix, and performed on ABI Prism 
7300 (Applied Biosystems, CA, USA) in triplicate. The 
primer sequences are shown in Table 1. To calculate the 
relative mRNA expression, the 2-DDCt method was used.

The levels of cytokines (including TNF-α), mono-
cyte chemoattractant protein-1/chemokine (C–C 
motif) ligand 2 (CCL2), IL-1β and IL-4 in the BALF 
were measured by commercially available ELISA kits 
(R&D Systems, MN, USA), according to the manu-
facturer’s instructions.

Statistical analysis
All data are presented as the mean ± standard error of 
mean. Statistical analysis was performed using Graph-
Pad Prism 5.0 software (GraphPad, CA, USA). Sta-
tistical comparison of multiple groups was performed 
by one-way analysis of variance with the Bonferroni 
posthoc test. A two-tailed p-value of <0.05 was consid-
ered statistically significant.

Results
Physicochemical characterization of the 
liposomes
Transmission electron microscopic examination 
revealed that the Lipo-SP droplets were spherical 
in shape and no aggregation or fusion was observed 
(Figure 1A). The mean diameter and polydispersity 
index of Lipo-SP were 101.0 ± 2.0 nm (Figure 1B) and 
0.379 ± 0.02, respectively, indicating that Lipo-SP was 
well distributed in the system, as well as maintaining 
drug stability during the manufacturing process. The 
zeta potential of Lipo-SP was -1.75 ± 0.05 mV. The 
optimized EE% and drug loading of Lipo-SP reached 
85.3% ± 1.5% and 2.5% ± 0.2%, respectively. More-
over, the endotoxin content in all liposome batches 
used in the present work was below the detection 
limit (0.2 EU/mg) of a Tachypleus amebocyte lysate 
assay. Thus, the effect of bacterial components on the 
immune system could be excluded.

Pharmacokinetics & tissue distribution of 
Lipo-SP in mice
The blood concentration and time profiles for Lipo-SP 
and Free-SP after oral administration (both in a dose 
of 20 mg/kg) are shown in Figure 1C. Lipo-SP exhib-
ited a significantly increased plasma concentrations at 
0.5, 1, 2 and 3 h with a peak level on 1 h (all p < 0.05 

vs Free-SP). The plasma pharmacokinetic parameters 
of Lipo-SP and Free-SP (C

max
, T

max
, t

1/2
 and AUC

0–24 h
) 

are presented in Table 2. These results indicate that the 
liposomally entrapped SP had a more improved intesti-
nal absorption and increased plasma concentration, as 
compared with Free-SP.

Then we examined tissue distribution of SP in 
BLM-treated mice (1 h after BLM challenge) follow-
ing Lipo-SP and Free-SP oral administration (20 mg/
kg). The dynamic profiling (Figure 1E–H) showed that 
Lipo-SP led to a significantly higher concentration in 
the lung and in the liver with peak level observed on 
2 h following oral administration, whereas the peak 
levels of Free-SP occurred on 1 h after oral administra-
tion. Additionally, 2 h following oral administration, 
Lipo-SP significantly enhanced the tissue distribution 
of SP compared with Free-SP (Figure 1D). Because oral 
Lipo-SP with a dose of 20 mg/kg SP yielded a more 
than twofold increase of SP concentrations both in 
plasma and lung tissue than oral Free-SP with same 
dose, two doses, that is, 10 and 20 mg/kg SP, were then 
chosen for Lipo-SP intervention study compared Free-
SP at a dose of 20 mg/kg.

Animal body weigh changes during 
intervention
As shown in Figure 2, there was a gradual gain in body 
weight in the Saline group. A dramatic drop in body 
weight of all BLM-challenged mice was observed on 
day 7, which then followed by a gradual increase, with 
significant improvement in Lipo-SP_10 and Free-
SP_20 groups. On day 21, the mice in Lipo-SP_10 
group exhibited an increased body weight compared 
with those in Emp-Lipo and Lipo-SP_20 groups.
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Figure 3. Hemotoxylin and eosin stained lung tissue and comparisons of the semi-quantitative inflammation 
scores and lung index on day 7 of bleomycin challenge. (A) Representative hemotoxylin and eosin staining 
images; (B) lung inflammation score comparisons; (C) lung index comparisons. n = 5–7. 
*p < 0.05; **p < 0.01. 
BLM: Bleomycin; Emp-Lipo: Empty liposomes; Free-SP: Free spironolactone; Lipo-SP: Liposome-entrapped 
spironolactone.
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Effect of Lipo-SP on BLM-induced lung 
inflammation
Representative images of lung histology of acute phase 
inflammation (day 7) after BLM challenge (H.E. 
staining) are shown in Figure 3A. There was no appar-
ent inflammatory response in the Saline group. An 
overt acute inflammatory response was noted in BLM 
and BLM+Emp-Lipo groups. SP interventions, both 
by Lipo-SP and Free-SP, significantly reduced pul-
monary inflammation, as compared with BLM and 
BLM+Emp-Lipo groups (Figure 3B), whereas no obvi-
ous difference was observed between different SP for-
mulations/doses. Similar improvement in lung index 
by SP interventions was also observed (Figure 3C). 
Additionally, differential cell counting in BALF on 

day 7 revealed that both Lipo-SP and Free-SP signifi-
cantly reduced BLM-induced macrophage, lympho-
cyte and neutrophil infiltration in alveoli, whereas 
there was no significant difference between different 
formulations/doses (Figure 4).

The levels of inflammatory and profibrotic cytokines 
in BALF and related gene expression levels in lung tis-
sue are shown in Figure 5. Compared with BLM and 
BLM+Emp-Lipo groups, CCL2 and IL-1β protein 
levels in BALF and mRNA levels in lung tissue were 
significantly downregulated in Lipo-SP and Free-SP 
groups both on day 3 and day 7. TNF-α mRNA level 
in lung tissue was downregulated in Lipo-SP and Free-
SP groups (all p < 0.05). A trend for decreased TNF-α 
level in BALF was observed in Lipo-SP and Free-SP 
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Figure 4. Differential cell counting from bronchoalveolar lavage fluid harvested on day 7. n = 5–7. 
*p < 0.05; **p < 0.01. 
BLM: Bleomycin; Emp-Lipo: Empty liposomes; Free-SP: Free spironolactone; Lipo-SP: Liposome-entrapped spironolactone.
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groups on day 3 (nonsignificant decrease), and reached 
statistical significances on day 7, compared with BLM 
and BLM+Emp-Lipo groups.

Effect of Lipo-SP on BLM-induced lung fibrosis
On day 21 after BLM administration, compared with 
the Saline group, severe pulmonary fibrosis, as shown 
by Masson’s trichrome staining and lung hydroxypro-
line content, was observed in the lungs from BLM 
and BLM+Emp-Lipo groups. SP interventions, both 
by Lipo-SP and Free-SP, significantly reduced BLM-
induced lung fibrosis, compared with BLM and 
BLM+Emp-Lipo groups (all p < 0.05, Figure 6). There 
was a trend toward more fibrosis-reducing effect by 
Lipo-SP over Free-SP intervention, whereas no statisti-
cal significance was observed.

Effects of Lipo-SP on BLM-induced Ly6Chi 
monocytosis & alveolar macrophage M2 
polarization
Our previous work showed that there was a rapid 
expansion of circulating Ly6Chi monocytes which 
peaked on day 3 of BLM challenge, as well as an 
expansion of M2-like alveolar macrophages with peak 
level on day 14 of BLM challenge, whose magnitudes 
are positively associated with disease severity  [26]. In 
the present work, FCM analysis on day 3 revealed a 
significant reduction in circulating Ly6Chi monocytes 
by Lipo-SP and Free-SP (Ly6Clo subset presented 
with a reciprocal change), compared with BLM and 
BLM+Emp-Lipo groups (Figure 7A–C). Additionally, 
BLM-induced alveolar macrophage M2 polarization 
(F4/80+CD11c+CD206+) on day 14 was partially 
but significantly normalized by Lipo-SP and Free-SP 

toward M1 polarization (F4/80+CD11c+CD206-; see 
Figure 7D–F). There was a trend toward reductions in 
Ly6Chi monocytes and M2 alveolar macrophages by 
Lipo-SP_20 compared with Lipo-SP_10, whereas no 
statistical significance was observed. Moreover, mark-
ers for M2 polarization, that is, IL-4 protein concen-
tration in BALF (Figure 8A), Arg-1 mRNA level in 
lung tissue (Figure 8B) and in bronchoalveolar lavage 
cells (Figure 8C) on day 7 were also downregulated by 
Lipo-SP and Free-SP (all p < 0.05).

Discussion
In this study, to examine the therapeutic/preven-
tive potentials of liposomally entrapped SP on a 
mouse model of ALI and fibrosis, we demonstrated 
that orally administered Lipo-SP could enhance the 
bioactivity of SP and contribute to an increased SP 
concentration in the lung with inflammatory injury 
(increased drug concentration liver as well); Lipo-SP 
with two doses (10 and 20 mg/kg) yielded similar 
improvements as compared with Free-SP in 20 mg/
kg following oral administration, in terms of lung his-
tology, cytokine expression profiles and inflammatory 
monocyte/macrophage modulation. Notably, lower 
dose of Lipo-SP (10 mg/kg) led to a more improve-
ment in body weight following ALI. As we started SP 
intervention 1 h post-BLM exposure, at which time 
point lung edema and alveolitis could be induced [29], 
the interventional effect of SP on ALI and fibro-
sis could be regarded as therapeutic and preventive, 
respectively. Thus, our data suggest that SP adminis-
tration by nanometric-sized drug delivery system via 
oral route is a novel therapeutic/preventive approach 
for ALI and fibrosis.
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Figure 5. The protein levels of chemokine (C–C motif) ligand 2. TNF-α and IL-1β in bronchoalveolar lavage fluid detected by ELISA at 
selected time points (A–C) and the related mRNA levels in lung tissue (D–F). n = 5–7. 
*p < 0.05; **p < 0.01. 
BLM: Bleomycin; Emp-Lipo: Empty liposomes; Free-SP: Free spironolactone; Lipo-SP: Liposome-entrapped spironolactone.
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SP is a US FDA approved potassium-sparing diuret-
ics with a long history of clinical use, and its unique 
role in clinical practice has been recently re-evaluated 
and emphasized for the treatment of resistant hyper-
tension  [30]. The antihypertensive and antifibrotic 
effect of SP requires long-term use, which makes 
intravenous approach less attractive. Therefore, in the 
present study, we only compared therapeutic/preven-
tive effects of Lipo-SP with Free-SP via oral admin-
istration. Despite the fact that orally administered 
nanometric-sized drug delivery system could contrib-
ute to drug bioavailability enhancement, there are sev-
eral critical considerations to evaluate the therapeutic 
efficacy, especially the gastrointestinal barrier that 

may impact nanocarrier’s integrity and physicochemi-
cal features (particle size and surface composition), 
which ultimately influence the optimal transport of 
drug into the circulation  [22]. For example, the expo-
sure of nanocarriers to gastrointestinal environment, 
with alterations in pH, ionic strength, redox potential 
and enzymatic activities, may lead to instability and 
degradation of particles [22,31]. Admittedly, we cannot 
provide with direct evidence on the existence of intact 
Lipo-SP in bloodstream following oral administration. 
Thus, the enrichment of SP concentration in lung tis-
sue with inflammatory injury could be explained as an 
indication for the passive targeting of Lipo-SP.

Notably, in the present work, the possible engulfment 
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Figure 6. Masson’s trichrome stained lung tissue: fibrosis index and total lung hydroxyproline content on day 21 
after bleomycin challenge. (A) Representative Masson’s trichrome staining images; (B) lung fibrosis index; (C) lung 
Hyp content. n = 5–7. 
*p < 0.05; **p < 0.01. 
BLM: Bleomycin; Emp-Lipo: Empty liposomes; Free-SP: Free spironolactone; Hyp: Hydroxyproline; 
Lipo-SP: Liposome-entrapped spironolactone.
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of Lipo-SP by monocytes/macrophages is involved in 
Lipo-SP-mediated lung SP concentration enrichment, 
because orally administered Lipo-SP also contributes 
to an increased SP concentration in liver, suggesting 
potential uptake of liposomes by liver-residing macro-
phages, Kupffer cells. Emerging evidence showed that 
circulating monocytes and alveolar macrophages play 
important roles in ALI and fibrosis [26,32,33]. Precisely, 
ALI-induced circulating inflammatory Ly6Chi mono-
cyte mobilization from bone marrow and spleen  [34] 
contributes to Ly6Chi monocyte infiltration in lung tis-
sue [35–38], which leads to a parallel increase of M2-like 
macrophages in alveolar compartment (either by direct 
differentiation or by paracrine effects). The severity 
and persistency of M2 polarization in alveolar macro-
phages would ultimately result in delayed resolution 

of inflammation and consequently, pulmonary fibro-
sis [36,39]. Thus, this Ly6Chi monocyte-directed alveo-
lar macrophage M2 polarization is a key pathophysi-
ological process for ALI and fibrosis. Here, we have 
shown that in agreement with systemic SP use, Lipo-SP 
intervention contributes to a modulatory role between 
proinflammatory and anti-inflammatory monocyte/
macrophage-mediated paracrine effect as well, which 
is shown by altered local cytokine expression profiles 
favoring a microenvironment to suppress pulmonary 
inflammation and fibrosis. The efficacy of MR antago-
nism by SP is also supported by the decreased levels of 
CCL2 and IL-1β after Lipo-SP and Free-SP interven-
tion in this study, because the expression of these two 
cytokines, as the core components involved in inflam-
matory as well profibrotic response, is both dependent 
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Figure 7. Flow cytometry analysis of circulating monocyte subsets (Ly6Chi and Ly6Clo) on day 3 (A–C) and alveolar macrophage M1 
(F4/80+CD11c+CD206-) and M2 (F4/80+CD11c+CD206+) polarization (D–F) on day 14 of bleomycin challenge (see facing page). n = 5–7. 
*p < 0.05; **p < 0.01. 
AMϕ: Alveolar macrophages; BLM: Bleomycin; Emp-Lipo: Empty liposomes; Free-SP: Free spironolactone; FSC: Forward-scattered 
light; Lipo-SP: Liposome-entrapped spironolactone.

Figure 8. The protein level of IL-4 in bronchoalveolar lavage fluid detected by ELISA on day 7 (A) and the 
expression of arginase-1 mRNA in lung tissue (B) and in bronchoalveolar lavage cells (C) on day 7. n = 5–7. 
*p < 0.05; **p < 0.01. 
BLM: Bleomycin; Emp-Lipo: Empty liposomes; Free-SP: Free spironolactone; Lipo-SP: Liposome-entrapped 
spironolactone.
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on MR-downstream signaling  [40,41]. Therefore, our 
data support the emerging concept that active elimina-
tion and subsequent degradation of drug-loaded lipo-
somes by monocytes/macrophages is a novel approach 
for the treatment of diseases dominated by monocyte/
macrophage-mediated pathogenesis [42,43].

In this work, we did not find obvious difference 
between two doses of Lipo-SP in terms of lung pathol-
ogy and monocyte/macrophage modulation, suggesting 
10 mg/kg Lipo-SP as the plateau dose for SP’s therapeu-
tic window in our model. However, Lipo-SP with lower 
dose (10 mg/kg) is associated with a more improvement 
in body weight. There is accumulating evidence showing 
that the renin–angiotensin–aldosterone system (RAAS) 
is critically involved in fluid and energy balance regula-
tion [44], and inhibition renin–angiotensin–aldosterone 
system is associated with reduce body weight  [45,46]. 
Obviously, lower dose of Lipo-SP with enhanced bio-
availability, would bring potential safety advantage 
during the rehabilitation period following ALI.

The present work is focusing on the liposome-medi-
ated drug bioavailability enhancement via oral route. It 
should be noted that, to target inflammatory response 
following ALI, pulmonary endothelium targeting via 
intravenous route by liposome-mediated delivery of anti-
sense oligodeoxyonucleotides  [47] and liposome-encap-
sulated antioxidant molecule delivery [48] is a promising 

approach. Additionally, particular interest is also focused 
on the pulmonary route by aerosolization or inhalation 
of colloidal systems  [49,50], which is characterized by a 
high surface area with rapid absorption due to high vas-
cularization and circumvention of the first pass effect [51]. 
Thus, future work is warranted to examine the effect of 
Lipo-SP on ALI and fibrosis via pulmonary route.

Our study has the following limitations. First, as our 
work is focused on the therapeutic/preventive effect of SP 
with inflammatory monocyte/macrophage targeting, we 
did not use myeloid-specific MR knockout mice, which 
may be an ideal model to fully characterize the molecu-
lar pathways associated with therapeutic response to SP. 
Second, to dissect the contribution of monocyte/macro-
phage in ALI and fibrosis, a routinely used approach is 
clodronate-liposome-mediated mononuclear phagocyte 
depletion. However, this method could eliminate mono-
cyte/macrophage without subpopulation selection, thus 
may not be suitable for pharmacological studies, and 
may also lead to complex results to interpret. Third, as 
the major purpose of the present study is to confirm lipo-
some drug-carrier-mediated SP bioavailability enhance-
ment via oral route, it is a technical challenge to provide 
direct evidence showing the existence of intact liposomes 
in peripheral circulation following oral administration. 
However, to address this issue, a promising effort is 
underway to integrate FCM and pharmacokinetic anal-
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yses using techniques described previously [52]. Forth, to 
better profile higher SP dose-associated side effects, such 
as gynecomastia, a full characterization of biochemi-
cal and pathological alterations in mammary glands is 
warranted in future work.

In summary, our work for the first time confirms the 
enhanced bioavailability of Lipo-SP via oral route with 
therapeutic/preventive potential in a mouse model of 
ALI and fibrosis; mechanistically, SP-mediated MR 
antagonism contributes to inflammatory monocyte/
macrophage modulation, via an inhibitory effect on 
Ly6Chi monocytosis-directed M2 polarization of 
alveolar macrophages. Our data highlight Lipo-SP 
as an effective and promising therapeutic/preventive 
approach for ALI and fibrosis.
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Executive summary

Background
•	 Mineralocorticoid receptor (MR) antagonism exerts an inhibitory effect on inflammatory monocyte/

macrophage activation and organ fibrosis after tissue injury.
•	 MR antagonism by spironolactone (SP)-encapsulated liposomes (Lipo-SP) via oral route may achieve enhanced 

SP bioavailability with therapeutic/preventive potential for acute lung injury (ALI) and lung fibrosis through 
modulating the inflammatory phenotypes of circulating monocytes/lung macrophages.

Materials & methods
•	 Lipo-SP was prepared using the film-ultrasonic method and physicochemically and pharmacokinetically 

characterized for oral administration in mice.
•	 Therapeutic/preventive potential of orally administered Lipo-SP (10 and 20 mg/kg) was compared with free 

spironolactone (20 mg/kg) in a mouse model of bleomycin-induced ALI.
Results & discussion
•	 Orally administered Lipo-SP could enhance the bioactivity of SP, and contribute to an increased SP 

concentration in the lung after bleomycin exposure.
•	 Lipo-SP with two doses yielded similar improvements in lung histology and cytokine expression profiles as 

compared with free spironolactone, whereas lower dose of Lipo-SP (10 mg/kg) was associated with more 
improvement in body weight following ALI.

•	 SP-mediated MR antagonism contributes to inflammatory monocyte/macrophage modulation via an 
inhibitory effect on Ly6Chi monocytosis-directed M2 polarization of alveolar macrophages.

Conclusion & future perspective
•	 This is the first study confirming the enhanced bioavailability of Lipo-SP via oral route in a mouse model of ALI 

and fibrosis.
•	 Lipo-SP is a promising approach with therapeutic/preventive potential for ALI and fibrosis via a modulatory 

effect on phenotype switch of inflammatory monocytes/macrophages.
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