FTY720 attenuates LPS-induced acute lung injury
through PP2A- tristetraprolin—dependent anti-
inflammatory signaling
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Abstract

Introduction

Acute lung injury (ALI) is characterized excessive inflammatory signaling and uncontrolled cytokine
production. Tristetraprolin (TTP) is a key post-transcriptional regulator of inflammatory cytokines that
negatively regulates inflammatory pathways. PP2A emerges as an important player to activate TTP.
However, whether pharmacological activation of PP2A can restore TTP activity and thereby attenuate
ALI remains unexplored.

Material and methods

A lipopolysaccharide (LPS)-induced mice model of ALl and LPS-stimulated RAW264.7 macrophages
were used to evaluate the effects of FTY720 or siRNA PP2A. Lung injury and inflammation were
assessed by histopathology, wet-to-dry weight ratio, bronchoalveolar lavage fluid analysis, and
cytokine quantification. PP2A activity, p38 MAPK and TTP phosphorylation, and gene expression
were analyzed using phosphatase assays, Western blot, ELISA, and quantitative RT-PCR.

Results

Pretreatment of FTY720, a well-established PP2A activator, significantly alleviated LPS-induced lung
injury, inflammatory cell infiltration, and inflammatory cytokines release in vivo. Treatment with PP2A
siRNA blocked the improvement effect induced by FTY720 in LPS-induced lung injury mice. LPS
exposure significantly impaired PP2A activity without altering PP2A protein abundance, whereas
FTY720 restored PP2A activity in lung tissues. Mechanistically, PP2A activation suppressed p38
MAPK phosphorylation and/or promoted dephosphorylation of TTP in LPS-induced macrophages.
Moreover, PP2A activation by FTY720 inhibited p38 MAPK and TTP phosphorylation without affecting
TTP transcription, leading to reduced inflammatory cytokine production.

Conclusions

Our findings demonstrate that PP2A activation blocked inflammatory responses by reprogramming the
TTP activity. Pharmacological targeting of PP2A may represent a promising strategy for the treatment
of acute lung injury.
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1. Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) remain major
causes of morbidity and mortality worldwide, with limited effective pharmacological
interventions. ALI/ARDS is characterized by alveolar capillary barrier dysfunction,
leading to pulmonary edema, impaired gas exchange, and respiratory failure [1]. Despite
advancements in supportive therapeutic techniques, targeted drugs addressing the core
pathological mechanisms remain absent, highlighting the urgency of gaining a deeper
understanding of disease mechanisms and developing novel therapeutic strategies.
Clinical evidence indicates that uncontrolled inflammatory responses are the primary
drivers of tissue damage and disease progression. In particular, excessive production of
inflammatory cytokines such as tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1p),
and interleukin-6 (IL-6), amplifies leukocyte recruitment, disrupts endothelial and
epithelial integrity, and forms positive feedback loops that perpetuate and worsen the
inflammatory response in the lungs [2-4]. Therefore, targeting the dysregulated
inflammatory cascade, particularly at the level of cytokine production, has emerged as a
core strategy for treating ALI.

Post-transcriptional control of cytokine expression has emerged as a critical checkpoint in
blocking inflammatory responses. Tristetraprolin (TTP), a zinc-finger RNA-binding
protein, is identified as a key mediator in this process by binding to the AU-rich elements
(AREs) within the 3'-translated region (3'-UTR) of mMRNAs encoding several key
inflammatory cytokines, thereby promoting targeting mRNA degradation [5]. Genetic and
functional studies have established TTP as a potent endogenous brake on inflammatory

pathology [6]. It has also been reported that, in ALI, dysregulation of TTP activity is
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implicated in excessive cytokine accumulation and inflammatory cell infiltration,
suggesting that TTP represents a critical molecular node linking inflammatory signaling
to disease severity [7].

The anti-inflammatory activity of TTP is tightly governed by post-translational
modifications, most notably phosphorylation. Phosphorylation of TTP by stress-activated
kinases such as p38 MAPK renders the protein functionally inactive. In contrast,
dephosphorylation restores mMRNA-destabilizing activity of TTP, thereby accelerating the
resolution of inflammation [8]. However, direct inhibition of p38 MAPK has not
increased the level of non-phosphorylated TTP, underscoring the complexity of upstream
regulatory networks [9]. Recently, PP2A was identified as a major serine/threonine
phosphatase capable of dephosphorylating components of the MAPK pathway as well as
TTP itself, representing a potentially efficient and physiologically relevant pathway for
inhibiting inflammatory responses in ALI [10]. This suggests that the PP2A-TTP axis
may represent a potential endogenous regulatory pathway for inhibiting uncontrolled
inflammatory responses in ALI.

FTY720, a compound synthesized from the metabolic products of the fungus Cordyceps
sinensis, has been demonstrated in multiple studies to be a pharmacological activator of
PP2A[11,12]. It can restore PP2A enzyme activity by binding to its endogenous
inhibitory protein SET or the scaffold subunit PPP2R1A [11]. In inflammatory models,
FTY720-mediated reactivation of PP2A has been shown to effectively inhibit the
production of pro-inflammatory cytokines, providing a pharmacological basis for its
anti-inflammatory effects [12,13]. However, whether FTY 720 exerts protective effects in

ALI through the PP2A-TTP axis remains unclear. This study focuses on verifying
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whether FTY720 reduces LPS-induced lung injury by activating PP2A and promoting
TTP dephosphorylation.

2. Materials and methods

Animals

Male C57BL6 mice (6-8 weeks old, 20-22 g) (Since the estrous cycle of female mice
was a complex variable that was difficult to control and could interfere with the
standardization of experiments, only male mice were selected for this study) were
purchased from Experimental Animal Center of Xi’an Jiao Tong University and housed
under specific pathogen—free conditions (25 £ 1.5 °C; 65%+4% humidity; 12 h light-dark
cycle). All experimental procedures were approved by the Medical Animal Research
Ethics Committee of Xi’an Jiao Tong University.

Sample size estimation

According to the Pathological damage scores of lung tissues reported in the reference
[14] (LPS group: 11.00 + 0.82, FTY720 group: 7.20 + 0.84), using G-power software
(v.3.1.9.7), we calculated a sample size of 3 per group to achieve a power of 0.95 and an
alpha error of 0.05. Considering a 20% dropout rate, 4 mice per group were required.
Since this study required experiments such as histology, ELISA, and Western blotting, 10
mice per group were taken.

Grouping of experimental animals

Mice were randomly divided into 5 groups (n = 10 per group) according to simple
randomization using a random number table in SPSS 26 (SPSS Inc., Chicago, IL, USA):
control group (Con), LPS-induced ALI group (LPS), FTY720 pretreated LPS-induced

ALI group (FTY720 + LPS), FTY720 and NC siRNA-treated LPS-induced ALI group
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(FTY720 + LPS +si-NC), and FTY720 and PP2A siRNA-treated LPS-induced ALI
group (FTY720 + LPS + si-PP2A). Acute lung injury was induced by intratracheal
instillation of LPS (5 mg/kg, Catalog number: L2880, Sigma Company, USA) for 24
hours. Control mice received an equal volume of PBS. Mice in the FTY720 + LPS group
were intraperitoneally injected with 0.5 mg/kg FTY720 (Catalog number: 10006292-10,
Cayman Company, USA) [14,15] 30 min prior to LPS administration. Mice in the
FTY720 + LPS + si-NC group were intraperitoneally injected with FTY720 prior to LPS
administration, and then NC siRNA (40 pg/ml, Guangzhou RiboBio Co., Ltd., China)
was instilled into the trachea after LPS administration. Mice in the FTY720 + LPS +
si-PP2A group were intraperitoneally injected with FTY720 prior to LPS administration,
and then PP2A siRNA (40 pg/ml, Guangzhou RiboBio Co., Ltd., China) was instilled into
the trachea after LPS administration.

Mice were euthanized 24 h after LPS administration. Bronchoalveolar lavage (BAL) was
performed via the left lung. Cell pellets were resuspended for total cell counting using a
hemocytometer. The superior lobe of the right lung was collected for histological analysis,
the middle lobe for wet-to-dry (W/D) weight determination, and the inferior lobe was
snap-frozen in liquid nitrogen and stored at —80 °C until used. In this study, a complete
blind assessment was conducted on all results.

Lung wet/dry (W/D) weight ratios

The middle lobe of the right lung was excised and immediately weighed to obtain the wet
weight, and dried at 80°C for 24 h to obtain the dry weight.

Histologic examination

The superior lobe of the right lung was collected, embedded in paraffin wax and



93  sectioned (3 mm thickness). Sections were stained with hematoxylin-eosin (H&E) and
94  imaged by light microscope (Olympus Optical, Tokyo, Japan). Lung injury was
95  determined by using the semi-quantitative scoring system assessing alveolar congestion
96  or hemorrhage, edema, neutrophil infiltration, and alveolar wall thickening/hyaline
97  membrane formation. Each parameter was scored from 0 (absent) to 4 (severe), and the
98 total lung injury score was calculated as the sum of all parameters.
99  Survival status
100  To observe the effects of FTY720 and si-PP2A on the survival of LPS-induced ALI mice,
101  the survival status after 7 days of LPS instillation was observed. Each group consisted of
102 10 mice, and the observation time points were 6 h, 24 h, 48 h, and 7 days after
103  instillation.
104  Cell culture
105 RAW 264.7 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM)
106  supplemented with 10% fetal bovine serum at 37°C and 5% COe..
107  Cells were divided into 4 groups: control group (Con), treated with DMEM alone; LPS
108  group (LPS): treated with LPS (100 ng/mL) [16] for 12 h; FTY 720 group (FTY 720):
109  treated with FTY 720 (8 uM) [17] for 6 h; FTY 720 + LPS group (FTY 720 + LPS):
110  treated with FTY 720 (8 uM) for 6 h followed by LPS (100 ng/mL) for 12 h. Culture
111  supernatants were collected for cytokine measurements.
112 PP2A activity assay
113  PP2A activity was determined using the PP2A immunoprecipitation phosphatase assay kit
114  (Catalog number: 17-313, Merck Millipore, Darmstadt, Germany) according to the

115  manufacturer’s instructions.
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Cytokine measurements

Levels of TNF-a (Catalog number: MTAO00B), IL-1B (Catalog number: MLB0OOC), and
IL-6 (Catalog number: M6000B) in cell culture supernatants and BALF were quantified
using ELISA kits (R&D Systems, Minneapolis, MN, USA), respectively, following the
manufacturer’s instructions.

Real-time RT-PCR

Total RNA was extracted using the RNeasy Mini Kit (Catalog number: 74104, Qiagen
Australia, Doncaster, VIC, Australia). 1 pg RNA was reverse-transcribed into cDNA
using a Thermo Scientific Revert Aid First Strand cDNA Synthesis Kit (Catalog number:
K1622, Thermo Scientific, USA) according to the manufacturer’s protocol. Quantitative
real-time PCR was performed using a SYBR PCR master kit (Catalog number: QPK-201,
Takara, China). TTP mRNA level was scaled to B-actin. The gene-specific primers used
in Real-time RT-PCR are: TTP (Forward primer:5’- GGTACCCCAG GCTGGCTTT -3’
and Reverse primer: 5’- ACCTGTAACCCCAGAACTTGGA -3°); B-actin (Forward
primer:5’ -GCACCACACCTTCTACAATGAGC- 3’ and Reverse primer: 5’
-TCGTTGCCAATAGTGATGACC -3°). All primers were synthesized by Sangon Biotech
(Shanghai) Co., Ltd. The relative gene expression was calculated using 2/ (AAC,
Western blot analysis

The concentration of protein was determined using a BCA protein detection kit (Catalog
number: PO012S, Beyotime, China). 40 pg proteins were separated on denatured 12%
polyacrylamide gel, transferred to a polyvinylidene fluoride membrane, and sealed with
washing buffer solution. Blots were blocked in 5% non-fat dry milk, incubated with

primary antibody overnight at 4°C, washed, incubated with secondary antibody for 1 hour
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at room temperature, washed, and developed with Enhanced chemiluminescence (ECL,
Catalog number: WBKLS0500, Millipore Corp, Bedford, Massachusetts). $-actin was
used as a loading control. Primary antibodies (dilution ratio, vendor) were: anti-PP2A
subunit antibodies (Catalog #2038, 1: 1000, cell signaling technology, USA),
phosphate-p38MAPK (Thr 180/Tyr 182) (Catalog #9211, 1: 1000, cell signaling
technology), total p38MAPK (Catalog #9212, 1: 1000, cell signaling technology), and TT
P(Catalog #71632, 1: 1000, cell signaling technology). The secondary antibody was
HRP-linked goat anti-rabbit 1gG (Catalog #7074, 1:3000, Cell Signaling Technology).
Statistical analysis

The statistical analysis was performed in SPSS 26 (IBM SPSS Statistics) and graphs were
made in Prism 10.1.2 (GraphPad Software, Inc.). The normality was assessed using the
Shapiro-Wilk test. All data from the three independent experiments that conform to a
normal distribution are presented as means + standard deviation (SD); statistical analysis
was performed using one-way ANOVA followed by Tukey post hoc test. An analysis of
survival status was conducted using the Kaplan-Meier curve. p <0.05 was considered
statistically significant.

3. Results

FTY720 attenuates LPS-induced acute lung injury

Intratracheal administration of LPS is a well-established clinically relevant model of
acute lung injury (ALI). Histological examination of lung sections revealed that LPS
administration resulted in severe disruption of pulmonary architecture, characterized by
alveolar collapse, marked thickening of alveolar septa, intra-alveolar hemorrhage, and

extensive infiltration of inflammatory cells. In contrast, lung sections from mice
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pretreated with FTY720 exhibited substantially preserved alveolar architecture and
markedly attenuated inflammatory lesions,while the treatment with PP2A siRNA blocked
the effect of FTY720 in alleviating LPS-induced acute lung injury (Figure 1A). Lung
injury scores confirmed these histopathological findings. Semi-quantitative lung injury
scores were significantly increased following LPS exposure compared with control mice
(11.09 £ 0.81 vs. 2.67 + 0.43), whereas FTY720 pretreatment significantly reduced lung
injury scores (7.22 + 0.78 vs. LPS). However, the treatment with PP2A siRNA blocked
the reduction in lung injury scores caused by FTY720 (LPS + FTY720 + si-NC, 7.20 +
0.83 vs. LPS + FTY720 + si-PP2A, 10.62 + 0.88) (Figure 1B). Moreover, pulmonary
edema, assessed by the lung wet-to-dry (W/D) weight ratio, was markedly elevated in
LPS-treated mice and was significantly attenuated by FTY720 pretreatment (FTY720
+LPS group, 5.63 +£0.32; LPS group, 6.79+0.53). However, the treatment with PP2A
SiRNA blocked the reduction in lung W/D weight ratio caused by FTY720 (LPS +
FTY720 +si-NC, 5.72 + 0.39 vs. LPS + FTY720 + si-PP2A, 6.62 + 0.48) (Figure 1C).
Together, these data demonstrated that FTY720 confers significant protection against
LPS-induced acute lung injury by preserving lung structural integrity and reducing
pulmonary edema.

FTY720 mitigates LPS-induced pulmonary inflammation

Because excessive inflammation is a central driver of LPS-induced lung injury, we
assessed pulmonary inflammation by analyzing bronchoalveolar lavage fluid (BALF).
LPS administration triggered a robust inflammatory reaction, evidenced by a marked
increase in total leukocyte counts (14.33 £ 3.26 vs. 2.62 + 0.25 in controls) and robust

neutrophil accumulation (9.57 + 1.26; vs. 1.52 = 0.19 in controls). Notably, pretreatment
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with FTY720 significantly reduced both total inflammatory cell recruitment and
neutrophil infiltration. However, the treatment with PP2A siRNA blocked the increase in
total leukocyte counts and neutrophil accumulation caused by FTY720 (Figure 2A and
2B). Consistent with these cellular changes, levels of the pro-inflammatory cytokines
TNF-a, IL-1p and IL-6 in BALF were remarkably elevated in the LPS group relative to
the control group. FTY720 pretreatment significantly reduced the concentrations of all
three cytokines. However, the treatment with PP2A siRNA blocked the reduction in
TNF-a, IL-1B, and 1L-6 caused by FTY720 (Figure 2C-E), indicating effective
suppression of the LPS-induced inflammatory cascade. Collectively, these findings
demonstrate that FTY720 markedly mitigates LPS-induced pulmonary inflammation in
vivo, providing a mechanistic basis for the protective effects against acute lung injury.
FTY720 restores PP2A activity in LPS-treated lungs

Given the established role of protein phosphatase 2A (PP2A) in inflammatory signaling,
we examined whether PP2A phosphatase activity is altered during LPS-induced ALI.
Although the protein expression of the PP2A catalytic subunit (PP2A-C) remained
unchanged in the Con group, LPS group, and FTY720 + LPS group, the PP2A expression
in the LPS + FTY720 + si-PP2A group was decreased, compared with the LPS + FTY720
+si-NC group (Figure 3A), PP2A phosphatase activity was significantly reduced in lung
tissues from LPS-induced mice compared with controls. Notably, FTY720 pretreatment
significantly restored PP2A phosphatase activity in LPS-exposed lungs. Compared with
the LPS + FTY720 + si-NC group, the PP2A phosphatase activity in lung tissue of the
LPS + FTY720 + si-PP2A group was reduced (Figure 3B). These results indicate that

PP2A dysfunction in acute lung injury is driven by impaired phosphatase activity rather
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than altered protein abundance, and that FTY720 exerts the protective effect by
functionally reactivating PP2A.

Activation of PP2A suppresses phosphorylation of p38MAPK and TTP in
LPS-treated lungs

To elucidate the downstream signaling events associated with PP2A activation, we next
examined the phosphorylation status of p38 MAPK in lung tissue lysates (Figures 4A and
4B). Western blot analysis revealed that LPS exposure led to a marked increase in p38
MAPK phosphorylation in lung tissues compared with control mice. In contrast,
pretreatment with FTY720 significantly attenuated LPS-induced p38MAPK
phosphorylation, demonstrating effective suppression of this inflammatory signaling
cascade. Compared with the LPS + FTY720 + si-NC group, the p38MAPK
phosphorylation level in the LPS + FTY720 + si-PP2A group was increased. Given that
TTP is a critical downstream effector of PP2A signaling and that the mRNA-destabilizing
activity of TTP is tightly regulated by phosphorylation status, we further assessed TTP
phosphorylation dynamics in vivo. LPS administration induced a pronounced increase in
phosphorylated TTP (approximately a 4.5-fold elevation relative to control lungs). At the
same time, unphosphorylated (active) TTP was only modestly increased (approximately
1.8-fold relative to control lungs). Notably, FTY720 pretreatment markedly reversed
LPS-induced TTP phosphorylation and increased the level of unphosphorylated TTP to
approximately 2.6-fold relative to control. Compared with the LPS + FTY720 + si-NC
group, the TTP phosphorylation level in the LPS + FTY720 + si-PP2A group was
increased. Taken together, these results demonstrate that FTY720-mediated activation of

PP2A suppresses p38 MAPK signaling and shifts the phosphorylation balance of TTP
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from an inactive, phosphorylated state toward an active, unphosphorylated form in vivo.
Survival status of FTY720-treated LPS-induced lung injury mice

We observed the survival status of mice within 7 days of LPS treatment and analyzed the
survival using a K-M curve. The results showed (Figure 5) that the survival of
LPS-treated mice was reduced, and FTY720 treatment improved the survival of
LPS-treated mice. Compared with the LPS + FTY720 + si-NC group, the survival of
mice in the LPS + FTY720 + si-PP2A group was reduced.

FTY720 activates PP2A and restrains inflammatory cytokine production in
macrophages

To validate the central role of PP2A in mediating the anti-inflammatory effects of
FTY720 at the cellular level, RAW264.7 macrophages were employed as an in vitro
model of LPS-induced inflammation. Consistent with in vivo observations, LPS
stimulation significantly reduced PP2A phosphatase activity without altering PP2A-C
protein expression. Treatment with FTY720 alone enhanced PP2A activity, and
pretreatment with FTY720 effectively restored PP2A activity in LPS-stimulated
macrophages (Figures 6A and 6B). Functionally, LPS exposure markedly increased the
secretion of TNF-a, IL-1p, and IL-6 into the culture medium, whereas FTY720
pretreatment significantly suppressed the production of all three cytokines (Figures
6C-E). These results indicate that FTY720-mediated PP2A activation exerts potent
anti-inflammatory effects in macrophages.

FTY720 modulates TTP phosphorylation to suppress inflammation in macrophages
To further determine whether TTP phosphorylation mediates macrophage inflammatory

activation, we examined the effects of FTY720 on TTP expression and phosphorylation
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status in RAW264.7 cells. Quantitative RT-PCR analysis revealed that LPS stimulation
significantly increased TTP mRNA expression in RAW264.7 cells. However, FTY720
pretreatment did not alter either basal or LPS-induced TTP transcription (Figure 7A),
indicating that FTY720 regulates TTP predominantly at the post-translational level.
Western blot analysis demonstrated that LPS robustly induced phosphorylation of p38
MAPK and TTP, whereas FTY720 pretreatment significantly attenuated phosphorylation
of both proteins. Importantly, the level of unphosphorylated TTP was markedly increased
in FTY720-pretreated, LPS-stimulated cells compared with LPS treatment alone (Figures
7B and 7C). These findings, together with the in vivo data, support a model in
TTP-mediated suppression of inflammatory cytokine production.

4. DISCUSSION

This study confirmed that FTY720 exerted significant protective effects in LPS-induced
acute lung injury (ALI) by activating the PP2A-TTP signaling axis. Our results indicated
that FTY720 treatment preserved lung structural integrity, reduced pulmonary edema,
suppressed lung inflammation, and ultimately improved survival rates in LPS-treated
mice. Mechanistic studies showed that FTY720-mediated functional activation of PP2A
promoted TTP dephosphorylation, thereby inhibiting p38 MAPK signaling and reducing
the production of inflammatory cytokines. These findings provide a new theoretical basis
for the potential application of FTY720 in ALI treatment.

The inflammatory response played important roles in initiation and maintenance of in
ALL, inflammatory cytokines such as TNF-a and IL-1p increase the permeability of
pulmonary epithelium, furthermore induced lung tissue damage and accumulation of

neutrophils which lead to lung edema[18], IL-6 maintain tissue homeostasis and control
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the extent of the inflammatory response, IL-6 is increased in the BALF of patients and
higher levels increase mortality, which is identified as one of the biomarkers in
monitoring ALI [19]. Recently, the upstream regulation of the transcription of
inflammatory cytokines has become a focus of pathogenetic research in ALI/ARDS [20].
A conserved mRNA sequence element, the adenylate- uridylate-rich element (ARE), is
found in the majority of these inflammation-associated genes [21,22]. Tristetraprolin
(TTP) is a critical anti-inflammatory protein that promotes the decay of ARE-containing
MRNASs. Moreover, TTP is widely expressed across various tissues, with particularly
high levels observed in the lung[7]. In the present study, LPS stimulation significantly
upregulated TTP mRNA and protein expression in both RAW?264.7 cells and mouse lung
tissue When inflammatory cells are stimulated by LPS, the expression of TTP is rapidly
induced, TTP binds to the AREs in the 3' - UTR of mMRNAs encoding cytokines such as
TNF-a, IL-1B and IL-6, recruiting mRNA-degrading enzymes such as exosome
complexes and promoting the degradation of these mMRNAs, as a result, the production of
inflammatory cytokines is reduced, and the excessive inflammatory response is
alleviated.

The main sites of phosphorylation in TTP have been identified by mass spectrometry and
site-directed mutation research, and the phosphorylation state of TTP plays an important
role in controlling its activity and stability [23]. The activity of TTP is mainly regulated
by phosphorylation by protein kinases (such as p38 MAPK and PP2A) in vitro and/or in
vivo [24-26]. Protein phosphatase 2A (PP2A) is an important member of serine/theronine
protein phosphatase family [27]. PP2A has been demonstrated to interact with p38MAPK

and regulate its phosphorylation status in many cell systems. PP2A can dephosphorylate
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p38MAPK at the activating phosphorylation sites (Thr180 and Tyr182), resulting in its
inactivation [28]. Phosphorylation of TTP at serine residues S52 and S178 in mice,
mediated by MAPK-activated protein kinase 2 (MAPK/MK?2), inhibits its nRNA
destabilizing activity, depending on its phosphorylation state, and PP2A might be
therapeutic target to promote the dephosphorylation and activation of TTP. It is reported
that PP2A is directly responsible for the dephosphorylation of TTP in vitro and/or in vivo.
PP2A activation increases the mRNA destabilizing activity of TTP by dephosphorylating
[29,30]. In this study, we found that the activation of PP2A can produce
anti-inflammatory effects in LPS-induced RAW 264.7 cells and lung tissues. LPS
stimulation increased the expression of TTP mRNA and protein levels, and the
pretreatment of PP2A activator regulated the dynamic balance between phosphorylated
(inactive) and non-phosphorylated (active) TTP proteins, but did not increase the TTP
MRNA level. Dephosphorylation of TTP activated by PP2A leads to the combination of
non-phosphorylated TTP with AU-rich components of pro-inflammatory cytokine mRNA,
which promotes the degradation of inflammatory cytokine mRNA. It is possible that the
molecular mechanism is direct regulation of TTP activity by PP2A and/or indirectly
suppressed p38MAPK phosphorylation and promoted dephosphorylation of TTP. PP2A
activation shows potential as a method to control TTP activity, could potentially
anti-inflammatory therapeutic target in LPS-induced ALI.

Notably, recent studies have further expanded the application scope of FTY720 in
pulmonary inflammatory diseases. The inhalable FTY720-nobiletin-PLGA nanoparticle
formulation developed by Zhang et al. exhibits good biocompatibility and sustained

pharmacological effects in an LPS-induced ALI model. This formulation effectively
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blocks the activation of the NF-kB and p38 MAPK pathways by inhibiting the release of
cytokines such as IL-6 and TNF-a, thereby reducing lung injury [31]. This inhalable
delivery strategy not only reduces the systemic toxicity of FTY720 but also enhances its
pulmonary bioavailability, providing new insights for clinical translation. Additionally, in
a COPD mouse model, Wang et al. demonstrated that FTY720 reduces IL-1p levels and
improves pulmonary inflammation and emphysema by targeting PP2A [32]. This study
[32] further revealed that LincR-PPP2R5C influences the ubiquitination degradation of
IL-1B by regulating PP2A activity, providing a new molecular mechanism for
understanding the central role of PP2A in macrophage inflammatory regulation. These
studies collectively support the critical role of the PP2A-TTP axis in pulmonary
inflammatory diseases and are consistent with our observations in the ALI model.

This study has several limitations: First, the LPS model cannot fully replicate the
multifactorial etiology, temporal evolution, and comorbidity-related immune variations of
human ARDS. Given that ALI and cardiovascular diseases share a common pathological
basis of "excessive inflammation-oxidative stress," future validation in complex models
with comorbidities such as diabetes and hypertension, as well as in aging models,
combined with gender-specific analysis, is needed to enhance clinical translational value.
Second, the dosing regimen was preventive rather than therapeutic, and subsequent
studies should adopt delayed dosing regimens to assess true efficacy. Third, key site
mutation experiments for TTP, identification of major cellular targets, and exploration of
broader regulatory networks involving PP2A and p38 MAPK/MDM2 were not conducted.
Future studies should integrate multi-omics approaches to elucidate the dynamic

characteristics of PP2A signaling. Fourth, pharmacological evaluation was insufficient,
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lacking pharmacokinetic analysis, sustained efficacy and safety assessments, and positive
control groups such as glucocorticoids. Fifth, only male mice were used, limiting the
generalizability of the results; future studies should include female animals to assess
gender differences.

Based on these limitations, subsequent research should proceed in the following
directions: For mechanistic expansion, further elucidate the broader regulatory network
of PP2A in inflammation, explore other dephosphorylation targets beyond TTP (such as
the MDM2-p53 pathway, which has recently demonstrated regulatory potential for
cellular stress and inflammation in the clinical application of MDM2 antagonists [33],
and integrate multi-omics analysis to reveal the dynamic characteristics of PP2A
signaling. For model optimization, validation should be conducted in ALI models
induced by various etiologies (sepsis, viral infections), comorbidity models (diabetes,
hypertension), and aging models, incorporating gender-specific analysis. For dosing
strategies, inhalable nanoparticle formulations can be drawn on for pulmonary targeted
delivery, and the therapeutic window of delayed dosing regimens should be evaluated.
For pre-clinical translation assessment, systematic pharmacokinetic/pharmacodynamic
studies should be conducted to evaluate long-term cardiovascular safety and infection
risk, compare FTY720 head-to-head with glucocorticoids, and explore combination
strategies with SGLT2 inhibitors—which exert cardiovascular protection by regulating
excessive inflammation and oxidative stress pathways and may have synergistic effects
with the PP2A-TTP axis. It is also noteworthy that ALI and cardiovascular diseases share
a common pathological basis of "excessive inflammation-oxidative stress." Recent

findings suggest that traditional body fat distribution patterns in low-risk female
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populations can independently predict cardiac function, and SGLT2 inhibitors exert
cardiovascular protection by regulating these pathways [34-37]. Therefore, future studies
should validate the efficacy of FTY720 in complex models with comorbidities such as
diabetes and hypertension, incorporating gender-specific analysis and exploration of
SGLT2-related pathways to promote clinical translation.

In conclusion, this study confirms that FTY720 exerts anti-inflammatory protective
effects in LPS-induced ALI through PP2A-mediated TTP dephosphorylation. Unlike
FTY720's classical S1P receptor modulation mechanism [38,39], its protective effects in
the specific context of ALI primarily depend on the activation of the PP2A pathway. This
study links PP2A activation with TTP-mediated post-transcriptional regulation,
expanding the understanding of FTY720's pharmacological effects and providing a new
theoretical basis for ALI treatment. Although further validation in more complex models,
closer-to-clinical dosing regimens, and more comprehensive safety assessments is needed
before clinical translation, the PP2A-TTP axis has shown potential as an intervention
target for inflammatory lung injury and warrants further in-depth study.
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Figure Legend:

Figurel. FTY720 improved pathologic changes in lung tissues in LPS-induced ALl in
mice. Each group of mice was attacked with PBS, LPS, FTY 720 or PP2A siRNA.
Samples of lung tissue were collected and analyzed 24 hours after intratracheal
administration of LPS. (A) Lung histopathological changes were assayed by
hematoxylin-eosin staining (x400); (B) The lung injury score was expressed as the total
scores of four independent parameters: alveolar congestion or hemorrhage, edema,
neutrophil infiltration, alveolar wall thickening/hyaline membrane formation; (C) The
ratio of wet to dry weight of the lung was also measured. Results are presented as mean +

standard deviation (SD) (n = 10 mice per group). Con: control group; LPS: LPS-induced
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ALI group; FTY720 + LPS: FTY720 pretreatment LPS-induced ALI group; FTY720 +
LPS +si-NC: FTY720 and NC siRNA-treated LPS-induced ALI group; FTY720 + LPS +

si-PP2A: FTY720 and PP2A siRNA-treated LPS-induced ALI group.

Figure 2. FTY720 attenuated LPS-induced lung inflammation. (A) Total cell counts in the
BALF; (B) Neutrophils in the BALF; (C)Levels of TNF-a in BALF were determined by
ELISA; (D) Levels of IL-1p in BALF were determined by ELISA; (E) Levels of IL-6 in
BALF were determined by ELISA. Results are presented as mean + standard deviation
(SD) (n =10 mice per group). Con: control group; LPS: LPS-induced ALI group;
FTY720 + LPS: FTY720 pretreatment LPS-induced ALI group; FTY720 + LPS + si-NC:
FTY720 and NC siRNA-treated LPS-induced ALI group; FTY720 + LPS + si-PP2A:

FTY720 and PP2A siRNA-treated LPS-induced ALI group.

Figure 3. Effects of FTY720 on PP2A phosphatase activity in the lungs of mice in
LPS-induced ALI. (A)Western blotting analyses of catalytic subunit of PP2A (PP2A-C)
level in the lungs of mice and its quantification analysis; (B) PP2A phosphatase activity
tested by a commercial assay. Results are presented as mean + standard deviation (SD) (n
= 10 mice per group). Con: control group; LPS: LPS-induced ALI group; FTY720 + LPS:
FTY720 pretreatment LPS-induced ALI group; FTY720 + LPS + si-NC: FTY720 and
NC siRNA-treated LPS-induced ALI group; FTY720 + LPS + si-PP2A: FTY720 and

PP2A siRNA-treated LPS-induced ALI group.

Figure 4. Effects of FTY720 on phosphorylation of p38MAPK and TTP in LPS-treated



576

ST7

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

mice lungs. (A) The representative western blot of phosphorylated p38MAPK level
compared to total pP38MAPK in mice lungs and its quantification analysis; (B) The
representative western blot of TTP protein level in mice lung and its quantification
analysis (B-actin as loading control), bands at higher molecular weight indicate
phosphorylated TTP, while lower bands are unphosphorylated. Results are presented as
mean + standard deviation (SD) (n = 10 mice per group). Con: control group; LPS:
LPS-induced ALI group; FTY720 + LPS: FTY720 pretreatment LPS-induced ALI group;
FTY720 + LPS + si-NC: FTY720 and NC siRNA-treated LPS-induced ALI group;

FTY720 + LPS + si-PP2A: FTY720 and PP2A siRNA-treated LPS-induced ALI group.

Figure 5. Effect of FTY720 on the survival of LPS-treated mice. Kaplan-Meier curve
analysis of the survival of mice in each group, n = 10 mice per group. Con: control group;
LPS: LPS-induced ALI group; FTY720 + LPS: FTY720 pretreatment LPS-induced ALI
group; FTY720 + LPS + si-NC: FTY720 and NC siRNA-treated LPS-induced ALI group;

FTY720 + LPS + si-PP2A: FTY720 and PP2A siRNA-treated LPS-induced ALI group.

Figure 6. Effect of FTY720 on phosphatase activity, PP2A, and inflammatory cytokines
in RAW264.7 cells. (A)Western blotting analyses catalytic subunit of PP2A (PP2A-C)
level in RAW264.7 cells and its quantification analysis (B-actin as loading control); (B)
PP2A enzymatic activity tested by a commercial assay; (C) Levels of TNF-a in Cell
culture media were determined by ELISA; (D) Levels of IL-1p in cell culture media were
determined by ELISA,; (E) Levels of IL-6 in cell culture media were determined by

ELISA. Results are presented as mean =+ standard deviation (SD) (n = 3. Repeated three
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times). Con: control; LPS: LPS-treated group; FTY720: FTY720-treated group; FTY720

+ LPS: LPS and FTY720 -treated group.

Figure 7. Effects of FTY720 on phosphorylation of p38MAPK and TTP in RAW264.7
cells. (A) Real-time RT-PCR analysis of TTP mRNA in RAW264.7 cells (B-actin mMRNA
was used as the internal reference gene, and the relative gene expression was calculated
using 2/ (44CY)- (B) Representative western blot bands for phosphorylated p38MAPK
level and total p38 MAPK in RAW264.7 cells. Densitometric analysis was performed to
obtain the relative level of phosphorylated p38MAPK with total p38 MAPK; (C)
Representative western blot of TTP protein levels in RAW264.7 cells and its
quantification analysis (-actin as a loading control), the band at higher molecular weight
indicate phosphorylated TTP, while the lower band is unphosphorylated. Results are
presented as mean + standard deviation (SD) (n = 3. Repeated three times). Con: control;
LPS: LPS-treated group; FTY720: FTY720-treated group; FTY720 + LPS: LPS and

FTY720 -treated group.
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Figure1. FTY720 improved pathologic changes in lung tissues in LPS-induced ALI in mice.
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Figure 2. FTY720 attenuated LPS-induced lung inflammation.
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Figure 3. Effects of FTY720 on PP2A phosphatase activity in the lungs of mice in LPS-
induced ALI.
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Figure 7. Effects of FTY720 on phosphorylation of p38MAPK and TTP in RAW264.7 cells.
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