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Purpose: Explore the therapeutic effect and molecular mechanism of rhein on severe acute pancreatitis associated acute lung injury
(SAP-ALI).

Methods: The SAP-ALI rat model was constructed by retrograde injection of 5% sodium taurocholate into the pancreaticobiliary
duct, and pulmonary microvascular endothelial cell (PMVEC) injury model was induced by LPS. The potential therapeutic effects and
appropriate dosages of rhein on SAP-ALI and PMVEC were investigated in both in vivo and in vitro experiments. Furthermore, the
regulatory role of MARK4 in the related pathological process were confirmed by some experimental methods. RNA sequencing
analysis was performed to explore the potential downstream genes of MARK4. Moreover, the regulatory effect of rhein on MARK4
was validated through molecular docking and rescue experiments.

Results: Rhein intervention had potential therapeutic effects on acute lung injury triggered by SAP and pulmonary endothelial cell
injury induced by LPS. MARK4 may contribute to pulmonary endothelial cell injury through the modulation of microtubule structure.
Compared with LPS stimulation, a total of 2081 differentially expressed genes were identified after MARK4 knockdown. The results
of molecular docking and rescue experiments indicated that rhein may exert its protective effects by targeting MARK4.
Conclusion: Rhein may regulate the microtubule structure by targeting MARK4, thereby alleviating SAP-ALI and LPS-induced
pulmonary endothelial cell injury.
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Introduction

Acute pancreatitis (AP) is one of the common diseases encountered in general surgical clinical practice, with approxi-
mately 15% to 20% of patients experiencing a deterioration of their condition, developing into severe acute pancreatitis
(SAP). The mortality rate for these patients can be as high as 20%." When SAP further deteriorates, localized pancreatic
inflammation may evolve into systemic inflammatory response syndrome (SIRS), accompanied by organ dysfunction,
and can even progress to multiple organ dysfunction syndrome (MODS), which may ultimately lead to death. Among
SAP patients, the most common and earliest organ dysfunction is lung injury. According to statistics, about 45% of SAP
patients suffer from acute lung injury (ALI), clinically manifested as acute respiratory distress syndrome (ARDS).

Therefore, the prevention and early intervention of lung injury are vital measures to reduce the mortality rate of SAP
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patients. Despite in-depth research and exploration into the pathogenesis of ALI caused by SAP in recent years, many
pathophysiological mechanisms remain to be elucidated.

The endothelial barrier constructed by pulmonary microvascular endothelial cells plays a crucial role in maintaining the
integrity of the air-blood barrier structure. An intact endothelial barrier can effectively prevent the infiltration of water, red blood
cells, inflammatory factors, and immune cells into the pulmonary interstitium, thereby effectively curbing the onset of lung
inflammation and the progression of functional impairment.>* However, in the case of acute lung injury, the permeability of the
pulmonary endothelial barrier significantly increases, leading to substantial leakage of intravascular fluid and inflammatory
mediators, which not only exacerbates pulmonary edema but also further promotes the deterioration of inflammation.”

Microtubules (MT) are essential components of the cytoskeleton and play a vital role in maintaining cell shape,
performing cellular functions, and facilitating intercellular connections in critical biological activities.® During lung
injury induced by oxidative stress, the excessive production of reactive oxygen species (ROS) leads to the depolymer-
ization of microtubules, which subsequently triggers a dysfunction of the endothelial barrier.” Danielle B Buglak et al
have discovered that under pathological conditions, the microtubule skeleton within pulmonary endothelial cells under-
goes depolymerization. This process disrupts the intercellular VE-cadherin connections and consequently leads to
alterations in the structure of the endothelial barrier.® These research findings suggest that microtubules may play
a pivotal role in the pathological mechanism of endothelial barrier dysfunction in severe acute pancreatitis-associated
acute lung injury (SAP-ALI), making microtubules a potential therapeutic target for SAP-ALI. However, the specific
mechanism of MT regulation during endothelial injury is still not precise. This study hypothesizes that microtubule
affinity-regulating kinase 4 (MARK4) may be crucial in this process.

Rhein, one of the main active components in rhubarb, belongs to the anthraquinone compound family. It possesses
significant anti-inflammatory and anti-tumor properties.”'® In treating various diseases such as chronic glomerulonephritis,''
cardiac hypertrophy,'? obesity,'* and Parkinson’s disease,'* rhein has demonstrated its efficacy. In sepsis or LPS-induced
mouse models, rhein can mitigate corresponding lung injury by regulating the overactivation of macrophages and targeting the
regulation of specific genes.'>'® Additionally, in mouse models infected with respiratory syncytial virus, rhein has been
proven to effectively improve lung injury conditions by inhibiting inflammasome activation.'’

This study aims to delve into the dynamic changes of the microtubule cytoskeleton within pulmonary microvascular
endothelial cells during the process of SAP-ALI, as well as the regulatory role of MARK4 in this pathological process.
Additionally, this research will explore how rhein exerts its therapeutic effects on SAP-ALI through its pharmacological
mechanisms, to provide new insights and strategies for revealing the pathogenesis and precision treatment of SAP-ALI.

Materials and Methods

Reagents and Antibodies

Rhein (HY-N0105) and MARK4 inhibitor PCC0208017 (#HY-139604) were purchased from Med Chem Express (New
Jersey, USA). Lipopolysaccharide (LPS, #tlrl-pb5lps) was purchased from InvivoGen (Toulouse, France). Tumor
necrosis factor-alpha (TNF-a, #F16960), interleukin-6 (IL-6, #F15870), and interleukin-1beta (IL-1B, #F15810) kits
were purchased from Westang Biotechnology (Shanghai, China). Aspartate aminotransferase (AST, #C010-2-1), alanine
aminotransferase (ALT, #C009-2-1), alkaline phosphatase (AKP, #A059-2-2), blood urea nitrogen (BUN, #C013-2-1),
creatinine (CREA, #CO011-2-1) and amylase (#C016-1-1) kits were purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China).

MARK4 rabbit antibody (#4834; 1:1000) for WB was purchased from Cell Signaling Technology (Boston, USA). VE-
cadherin rabbit antibody (#36-1900; 1:200) was purchased from Thermo Fisher Scientific (Waltham, USA). MARK4 rabbit
antibody (#20174-1-AP; 1:200) for IF, MAP4 rabbit antibody (#11229-1-AP; 1:1000), PIEZO! rabbit antibody (#15939-
1-AP; 1:800), o-tubulin mouse antibody (#66031-1-Ig; 1:500) for IF, 594-goat anti-rabbit recombinant secondary antibody
(#RGARO004; 1:200), and 488-goat anti-mouse recombinant secondary antibody (¥RGAMO002; 1:200) were purchased from
Proteintech (Rosemont, USA). MAP4 phosphor S1073 rabbit antibody (#PAB15916, 1:1000) was purchased from Abnova
(China). Acetyl-alpha Tubulin rabbit antibody (#AF4351, 1:1000), a-tubulin rabbit antibody (#AF7010; 1:10000), and goat
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anti-rabbit secondary antibody (#S0001; 1:8000) were purchased from Affinity Biosciences (Liyang, China), GAPDH rabbit
antibody (#ACO001; 1:20000) was purchased from ABclonal Technology (Wuhan, China).

Animals and Experiments

Male Sprague-Dawley rats (180-220g) were obtained from the Experimental Animal Center of Dalian Medical
University. All rats were housed in a pathogen-free circumstance with a 12h light-dark cycle, 55+5% humidity and 22
+2°C, allowed free standard rodent chow and water. All rats were adaptively fed for one week before experimental
procedures. All animal experiments were approved by the Committee for Research and Animal Ethics of Dalian Medical
University and were in accordance with the Guidelines for the Care and Use of Laboratory Animals developed by the
National Institutes of Health, USA. To ascertain the safe dosage range and potential toxicity threshold of rhein, we
thoroughly assessed its effects on liver and kidney function in rats across various dosages. Firstly, 36 rats were randomly
divided into six groups: the control group (CON), the 50 mg/kg rhein treatment group (50mg/kg), the 100 mg/kg rhein
treatment group (100mg/kg), the 150 mg/kg rhein treatment group (150mg/kg), the 200 mg/kg rhein treatment group
(200mg/kg), and the 250 mg/kg rhein treatment group (250mg/kg). Rats in the rhein treatment groups received gavage
administration of respective concentration rhein at 0 hours, followed by a second administration of the same dose at
12 hours. The CON group was administered an equivalent volume of 0.9% sterile saline by gavage at 0 and 12 hours. All
rats were sacrificed at 24 hours, and blood samples were collected from the abdominal aorta, along with liver and kidney
tissues for further analysis. Then, 50 rats were randomly divided into five groups: sham operation group (SO), SAP group
(SAP), SAP+50mg/kg rhein group (SAP+50), SAP+100mg/kg rhein group (SAP+100), and SAP+150mg/kg rhein group
(SAP+150). The SAP rat models were constructed following a previously established method:'® retrograde injection of
5% sodium taurocholate (50 mg/kg, 0.1 mL/min) into the rat pancreaticobiliary duct. The SO group rats received an
equivalent volume of 0.9% sterile saline via retrograde injection into the pancreaticobiliary duct. The rhein treatment
groups were administered with rhein at doses of 50 mg/kg, 100 mg/kg, and 150 mg/kg by gavage immediately after SAP
modeling and again at 12 hours post-modeling. All rats were sacrificed 24 hours after the modeling. Bronchoalveolar
lavage fluid (BALF) and blood from the abdominal aorta, pancreas, and lung tissues were collected for further analysis.
Finally, 40 rats were randomly divided into four groups: sham operation group (SO), SAP group, SAP+PCC0208017
group (SAP+PCC), and SAP+150mg/kg rhein group (SAP+150). The SO group, SAP group, and SAP+150 group were
constructed as described above, while the SAP+PCC group was given PCC0208017 (50mg/kg) by gavage immediately
after SAP modeling. All rats were sacrificed 24 hours after modeling. BALF, blood from the abdominal aorta, and lung
tissues were collected for further analysis.

Cell Culture and Experimental Design

Rat pulmonary microvascular endothelial cells (R-PMVECs, #PC-150r) were purchased from SAIOS Biology (Wuhan,
China). Rat endothelial cell growth supplement (ECGS-r, #1062) was purchased from ScienCell (San Diego, USA).
DMEM medium (#11965092) and fetal bovine serum (#A5670701) were purchased from GIBCO Thermo Fisher
Scientific (Waltham, USA). R-PMVECs were cultured in DMEM with 20% fetal bovine serum and 1% rat endothelial
cell growth supplement in the incubator at 5% CO,, 37°C.

Firstly, R-PMVECs were divided into five groups: the control group (CON), the LPS group (LPS), the LPS+5uM
rhein group (LPS+5), the LPS+20uM rhein group (LPS+20), and the LPS+40uM rhein group (LPS+40). R-PMVECs
were seeded into 6-well plates. The CON group cells were cultured in a normal medium without any treatment, the LPS
group cells were stimulated with 100 ng/mL LPS for 24 hours, and the cells of the other three groups were treated with
corresponding doses of rhein for 24 hours after 24 hours of LPS stimulation. Cells and supernatants were collected for
further analysis. Then, R-PMVECs were divided into four groups: the control group (CON), the LPS group (LPS), the
LPS+sh-NC group (LPS+sh-NC), and the LPS+sh-MARK4 group (LPS+sh-MARK4). The treatment of CON and LPS
groups was the same as above. The cells of LPS+sh-NC and LPS+sh-MARK4 groups were transfected with negative
control or MARK4-knockdown plasmids and stimulated with LPS for 24 hours. Cells and supernatants were collected for
further analysis. Finally, R-PMVECs were divided into five groups: the control group (CON), the LPS group (LPS), the
LPS+40uM rhein group (LPS+40), the LPS+40uM rhein +oe-NC group (LPS+40+0e-NC), and the LPS+40uM rhein
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+oe-MARK4 group (LPS+40+oe-MARK4). The treatment of CON, LPS, and LPS+40 groups was the same as above.
The cells of LPS+40+0e-NC and LPS+40+oe-MARK4 groups were transfected with negative control or MARK4-
overexpression plasmids after LPS and rhein treatments. Cells and supernatants were collected for further analysis.

Histological Examination

5% sodium taurocholate had the most direct and immediate effect on pancreatic head tissue, causing more substantial
pathological alterations. As a result, we conducted histological examinations of rats’ pancreatic head areas. The tissue
samples were first fixed in 4% paraformaldehyde. After embedded in paraffin, samples were cut into Spm sections. After
undergoing dewaxing and dehydration procedures, tissue sections were stained with hematoxylin-eosin (HE) and
subjected to pathological examination under an optical microscope. The pathological scoring criteria for the pancreas
and lungs were shown in Supplementary Tables 1 and 2.

Measurement of Serum ALT, AST, AKP, BUN, CREA and Amylase

Blood was obtained from the abdominal aorta of rats, spun at 3000 rpm at 4°C for 10 min, and serum was isolated. Per
the kit’s instructions, the absorbance of standard well, assay well, and blank well was measured using a multifunctional
microplate reader, and the concentrations of serum ALT, AST, AKP, BUN, CREA, and amylase were determined.

Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of TNF-a, IL-6, and IL-1p in serum and cell supernatant were detected by corresponding ELISA Kkits.

Extraction of Tubulin Fraction

The polymeric tubulin and monomeric tubulin were extracted using the previous study method.'® Briefly, the samples
were first washed twice with microtubule stabilizing solution (MTSB) at 37°C. MTSB contained 0.1M piperazine-N, N '-
bis (2-ethylsulfonic acid) (PIPES, #P8320), 2mM ethylene glycol bis (2-aminoethyl ether) - N, N, N, N '- tetraacetic acid
(EGTA, #E8050), 0.lmM Ethylenediaminetetraacetic acid (EDTA, #E8040), and 0.5mM MgCl2 (#IM9032). Then,
MBST+0.1% Triton X-100 (# T8200) was used to incubate the sample (37°C) with 20% glycerol (pH6.8, #G8190) to
separate polymerized and non-polymerized microtubule (ie monomeric microtubule) for the Western Blot analysis. The
above reagents were purchased from Beijing Solarbio Science & Technology (Beijing, China).

Western Blot Analysis

Protein from rats and cells was extracted and quantified using a protein extraction kit (KGB5303-100, KeyGEN
BioTECH, Nanjing, China) and a BCA protein assay kit (#KGB2101-500, KeyGEN BioTECH, Nanjing, China).
Multicolor prestained protein ladder marker (#WJ103) was purchased from Epizyme Biotech (Shanghai, China). The
equivalent amounts of protein samples were separated by SDS-polyacrylamide gel electrophoresis (6—10%) and then
transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% skim milk,
followed by incubation with the appropriate primary antibody at 4°C overnight. After washing with Tris-buffered saline
Tween 20 (TBST), the membranes were incubated with the secondary antibody for 1 hour. Finally, the protein bands
were detected using the chemiluminescence system (Tanon-5200, Shanghai, China) for exposure. ImagelJ software was
used to statistically analyze band intensities normalized to GAPDH. We used the “Measure” function to get the average
gray value for the area corresponding to each protein band. All measured gray values were exported and documented.
GAPDH was designated as the internal reference; the gray value of each target band was divided by the corresponding
gray value of the internal reference to get the normalized relative expression. The normalized data were subjected to
statistical analysis.

Quantitative Real-Time PCR

Total RNA from rats and cells was extracted using a total RNA extraction kit (#M5101, New Cell Molecular Biotech,
Suzhou, China). 1pg RNA of each sample was transcribed reversely into cDNA using All-in-One First-Strand Synthesis
MasterMix (#EG15133S, Yugong Biotech, Lianyungang, China). For amplification, synthetic cDNA was amplified by
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Taq SYBR® Green qPCR Premix (#EG20117M, Yugong Biotech, Lianyungang, China). PCR conditions were initial
denaturation at 95°C for 30s, 40 cycles of denaturation at 95°C for 10s, annealing, and extension at 64°C for 30s. The
data were analyzed using the 27**T method, and all results were adjusted to the GAPDH level. All primer sequences
were shown in Supplementary Table 3.

Measurement of Lung Wet/Dry Weight (W/D) Ratio

Fresh right lungs (upper lobe) of each group of rats were removed, dried with filter paper, weighed and recorded for
weight, and dried at 65°C for 48 hours before being weighed again and recorded. Then, the wet/dry weight ratio was
calculated for further analysis.

Quantification of Protein in BALF

The tracheae of each group of rats were fully exposed during the sampling process. After ligating the right main
bronchus, 5 mL of 0.9% sterile saline was instilled into the trachea through a small incision using a lavage needle. After
1 minute, BALF from the left lung was collected, and this procedure was repeated 3 times. The collected BALF was
centrifuged (4°C, 3000 rpm, 10 minutes), and the supernatant was then taken to measure the protein concentration using
a BCA protein assay Kkit.

Assessment of Lung Vascular Leakage

Evans blue dye (#E6135, MACKLIN, Shanghai, China) was injected into the tail vein of rats (30mg/kg) 2 hours before
modeling. Then freshly isolated lung tissues were treated with formamide (#F6287, MACKLIN, Shanghai, China) in
a 37°C water bath for 48 hours, centrifuged at 1000 g, 4°C for 10 minutes, and finally, the concentration of Evans blue
dye in the supernatant was detected at 620nm to represent lung leakage.

Transfection

Four rat MARK4 RNA knockdown sequences, one rat MARK4 overexpression sequence, and two corresponding
negative control sequences were designed and assembled into short hairpin RNAs (sh-MARK4, sh-NC, oe-MARK4, oe-
NC) by GenePharma (Suzhou, China), the sequences were shown in Supplementary Table 4. Cells were transfected using

Lipofectamine™ 2000 Transfection Reagent (#11668500, Invitrogen, Carlsbad, USA) according to the instructions
provided.

Cell Viability Assay

The Cell Counting Kit-8 (CCK-8, #K1018, APExBIO, Huston, USA) was used to evaluate the effect of different doses of
rhein on R-PMVEC activity. R-PMVECs were seeded into 96-well microplates in a culture medium and incubated for
24 h. Then, the cells were treated with the different concentrations of rhein (0, 5, 10, 20, 40, 60, 80, or 100 uM) for
24 hin 5% CO2 at 37°C. After this, 10 uL of CCK-8 reagent was added per well, and the plates were incubated for 2 h in
darkness at 37 °C, and absorbance at 450 nm was measured with a microplate reader (BioTek, Winooski, USA).

Immunofluorescence

Sum thick rat lung paraffin-embedded sections were dewaxed and hydrated, followed by antigen retrieval and blocking.
The sections were incubated overnight at 4°C with a mixture of MARK4 primary antibody and a-tubulin primary
antibody and then incubated for 1 hour at 37°C with the corresponding mix of two secondary antibodies. Finally, the cell
nuclei were stained with DAPI (#C0065, Beijing Solarbio Science & Technology, Beijing, China) at room temperature.
R-PMVEC were seeded on confocal dishes, fixed with 4% paraformaldehyde at room temperature for 15 minutes,
permeabilized with 0.1% Triton-X-100 at room temperature for 15 minutes, and blocked for 1 hour at room temperature
before incubation overnight at 4°C with the same mixture of MARK4 primary antibody and o-tubulin primary antibody.
The corresponding two secondary antibodies were then incubated for 1 hour at 4°C. Finally, the cell nuclei were stained
with DAPI at room temperature.
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RNA Sequencing

First, the purity of the extracted RNA samples was tested, with the criteria being 1.8 <0D260/280 < 2.0 and OD260/230
> 2.0. Then, the RNA libraries were subjected to quality control and sequencing by Novogene (Beijing, China), and
sequencing data analysis was performed using the NovoMagic platform (https://magic-plus.novogene.com).

Molecular Docking
The 3D structure of MARK4 was obtained from the RCSB PDB database (5ES1, https://www.rcsb.org), and the 3D
structure of rhein was obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov). Molecular docking was

performed using AutoDock Vina 1.1.2,°>?" and a binding energy of less than —5 kJ/mol indicated strong affinity. The 3D
structure of the MARK4 and rhein complex was visualized using PyMOL 2.2.0.

Statistical Analysis

Statistical analysis was conducted utilizing R (4.3.1) software. Data exhibiting normal distribution and homogeneous
variance were represented as mean + SD. Multiple comparisons were executed via one-way ANOVA, with the LSD #-test
employed as a post-hoc analysis. The median with interquartile range was utilized for data characterized by non-normal
distribution or heterogeneous variance. The Kruskal-Wallis test facilitated multiple comparisons, and the Dunn or Mann—
Whitney U-test was applied for pairwise comparisons. A P-value of less than 0.05 denoted a statistically significant
difference.

Results

Rhein Ameliorated R-PMVEC Injury

We first conducted a CCKS8 toxicity experiment of rhein on normal R-PMVEC (Figure 1A). The low (5uM, LPS+5),
medium (20uM, LPS+20), and high (40uM, LPS+40) concentrations were selected as the intervention doses of rhein
after LPS stimulation in subsequent experiments. The rhein can ameliorate LPS-induced R-PMVEC inflammation, and
this therapeutic effect was concentration-dependent (Figure 1B—D). Thus, 40uM was chosen as the rhein administration
concentration for subsequent in vitro experiments. Additionally, the protein expression levels of VE-cadherin, acetyl-
alpha tubulin, and polymeric tubulin in the LPS group were significantly lower than those in the CON group (Figure 1E).
In contrast, the protein expression level of monomeric tubulin was increased considerably. After rhein intervention, the
changes above were relieved to varying degrees, indicating that rhein can ameliorate the injury of the endothelial barrier
and microtubules caused by LPS in R-PMVEC.

The Effects of Different Doses of Rhein on Liver and Kidney Function in Rats

Compared with the CON group, the liver histopathology sections of the 50 mg/kg, 100 mg/kg, and 150 mg/kg groups
(Figure 2A) revealed no signs of hepatocyte damage, necrosis, or immune cell infiltration, with the liver lobule structure
remaining intact. Common liver function markers, such as ALT, AST, and AKP, showed no statistically significant
differences from the CON group (Figure 2C—E). However, the 200 mg/kg and 250 mg/kg groups exhibited changes in
liver pathology, along with statistically significant alterations in liver function markers. In addition, when the dose of
rhein reached 200 mg/kg and 250 mg/kg, kidney histopathology sections showed edema, necrosis, and immune cell
infiltration (Figure 2B), and the two renal function indicators (Figure 2F and G) showed statistically significant. These
findings suggested that rhein doses ranging from 0 to 150 mg/kg do not result in appreciable liver and kidney impairment
in rats. Liver and kidney toxicity became apparent at 200 mg/kg, with an increasing trend observed with higher doses.

Therapeutic Effect of Rhein on Pancreatic Injury and Inflammation in SAP Rats

Building on the results of our preliminary experiments, we chose 50 mg/kg (SAP+50), 100 mg/kg (SAP+100), and
150 mg/kg (SAP+150) as the low, medium, and high dosages for rhein administration, respectively. The pancreatic
histopathology sections of the SO group revealed clear and intact acinar structures, devoid of edema or immune cell
infiltration. Conversely, the pancreatic acinar architecture of SAP rats was compromised, with some exhibiting
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Figure | Different doses of rhein ameliorated rat pulmonary microvascular endothelial cell injury. (A) Toxicity of different doses of rhein on R-PMVEC was detected by
CCKa8. (B-D) Inflammatory factors TNF-q, IL-6, and IL-1p levels in R-PMVEC culture supernatant were detected by kits separately. (E) Protein expression levels of VE-
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means P<0.01 compared with LPS group; " means P<0.001 compared with LPS group.

liquefactive necrosis and concomitant leukocyte infiltration. Pathological sections indicated that three dosages of rhein
exhibited varying degrees of reparative effects on pancreatic damage (Figure 3A). Regarding pathological scoring, the
150 mg/kg dosage exhibited the most pronounced decrease in pancreatic damage compared to the SAP group, followed
by the 100 mg/kg dosage. No significant difference was seen in the 50 mg/kg group (Figure 3B). Serum amylase is
a standard indicator for the early diagnosis of pancreatitis; as depicted in Figure 3C, the SAP group exhibited
significantly higher amylase levels than the SO group. Post-treatment with rhein, serum amylase levels decreased notably
across all groups. Figure 3D-F illustrated that inflammatory factors were significantly elevated in the SAP group
compared to the SO group. Administration of different rhein doses effectively reduced the serum concentrations of
inflammatory factors, with the 150 mg/kg dose proving to be the most potent anti-inflammatory efficacy.

Rhein Ameliorated Lung Injury in Rats Induced by SAP

In the SO group, lung histopathology sections revealed a consistent and intact alveolar architecture, devoid of edema,
exudation, or immune cell infiltration. Conversely, the SAP group exhibited pronounced alveolar wall thickening,
fragmentation, fusion, interstitial hemorrhage, and a marked increase in immune cell infiltration. Rhein administration
substantially alleviated these pathological alterations (Figure 4A), with the 150 mg/kg dose showing the most notable
treatment effect in lung injury as indicated by pathological scoring (Figure 4B). To evaluate changes in pulmonary
vascular permeability, we selected indicators such as the lung wet/dry weight ratio, protein concentration in BALF, and
Evans blue dye concentration. The SAP group demonstrated a significant elevation in pulmonary vascular permeability
compared to the SO group (Figure 4C—E). However, treatment with rhein, especially at the 150 mg/kg dose, effectively
reduced this permeability, leading to the most beneficial outcomes. mRNA expression levels of inflammatory factors
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TNF-a, IL-6, and IL-1p in lung tissues were significantly higher in the SAP group than in the SO group. Rhein treatment
dose-dependently decreased these mRNA levels (Figure 4F-H). In SAP rat lung tissues, there was a notable down-
regulation of VE-cadherin, acetyl-alpha tubulin, and polymeric tubulin expression, along with a significant upregulation
of monomeric tubulin expression, compared to the SO group. Rhein treatment partially reversed these changes
(Figure 41), indicating its potential to repair the destruction of endothelial barrier and MT in the lungs of SAP rats.

Knockdown of MARK4 Ameliorated R-PMVEC Injury
We designed four pairs of RNA interference sequences for MARK4 and conducted screening. RT-qPCR results showed

that the expression level of the MARK4 gene was reduced to varying degrees, with the sh-MARK4-2 sequence
exhibiting the best knockdown effect. Therefore, this sequence was selected for subsequent experiments
(Supplementary Figure 1). Knocking down MARK4 could alleviate the inflammatory response in R-PMVEC after
LPS stimulation (Figure 5A—C). LPS stimulation significantly increased the expression level of MARK4 in R-PMVEC
compared to the CON group and led to the depolymerization of MT; with the knockdown of MARK4, the levels of
p-MAP4 (S1073) and monomeric tubulin significantly decreased, while the levels of polymeric tubulin, acetyl-alpha
tubulin, and VE-cadherin partially recovered (Figure SD-F). These findings suggested that the knockdown of MARK4 in
R-PMVEC can reduce inflammation and MT damage induced by LPS.

The Role of MARK4 in R-PMVEC with LPS Stimulation
To further explore the role of MARK4 in the inflammatory response of R-PMVEC, we performed a high-throughput

RNA sequencing. PCA findings indicated substantial alterations in the R-PMVEC transcriptome profile after the
knockdown of MARK4 expression (Figure 6A). Compared with the LPS group, 2081 differentially expressed genes
(DEGs) showed significant changes in the LPS+sh-MARK4 group, with 871 upregulated and 1210 downregulated
(Figure 6B and C). Gene Ontology (GO) enrichment analysis showed the DEGs between the LPS+sh-MARK4 group and
the LPS group enriched in various biological processes, including cytoskeletal protein binding and Rho GTPase binding
(Figure 6D). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed the DEGs were enriched
in various pathways, including adherens junction and focal adhesion (Figure 6E). Functional enrichment analysis of GO
and KEGG using integrated fold change indicated a strong association between DEGs and cell adhesion (Figure 6F).
Gene set enrichment analysis (GSEA) showed that genes related to cytokine receptor interaction and focal adhesion were
significantly enriched after MARK4 knockdown compared with LPS stimulation (Figure 6G). The RT-qPCR method was
used to validate the findings derived from RNA-seq. Three DEGs related to R-PMVEC inflammation and cell barrier,
including GOLM1, APLNR, and FNDCS5, were markedly elevated (Figure 6H). Six DEGs, including AEBP1, PIEZO1,
FN1, MMP9, ECMI1, and STAT3 were dramatically down-regulated after MARK4 knockdown. MARK4 knockdown
reduced SELPLG gene expression compared to the LPS group, however the change was not statistically significant
(Figure 61). Among these DEGs, we identified PIEZO1, a gene highly linked to cell adhesion, which we selected as a key

indication for further experimentation.

Overexpression of MARK4 in R-PMVEC Reversed the Protective Effect of Rhein

Firstly, we verified the mRNA expression level of MARK4 in R-PMVEC after LPS stimulation with different doses of
rhein (Figure 7A). The results indicated that rhein could dose-dependently reduce the increase in MARK4 mRNA
induced by LPS, and the protein expression of MARK4 and p-MAP4 (S1073) was consistent with this finding
(Figure 7B). Figure 7C showed the molecular docking results between MARK4 and rhein. Subsequently, we over-
expressed MARK4 in R-PMVEC (Supplementary Figure 2). The levels of inflammatory factors were consistent with

previous results, showing that rhein could alleviate LPS-induced inflammation. However, inflammation levels rose again
after overexpression of MARK4 (Figure 7D-F). The mRNA level of MARK4 correspondingly changed (Figure 7G).
Overexpression of MARK4 reversed the therapeutic effect of rhein on the endothelial barrier and MT damage in
R-PMVEC (Figure 7H), and similar results were observed in the IF assay of R-PMVEC (Figure 71).
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Figure 6 Results of RNA sequencing. (A) Principal component analysis for the transcriptome profiles. (B and C) Volcano plot of DEGs. GO (D) and KEGG (E) enrichment
analysis of DEGs. (F) Functional enrichment analysis of GO and KEGG using integrated fold change. (G) GSEA showed that MARK4 could affect cytokine receptor
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group at least three independent experiments. *** means P<0.001 compared with LPS group.

Journal of Inflammation

Research 2025:18

https:

1407



Sun et al

A

w
(@]

wx CON LPS LPS+5 LPS+20 LPS+40

-
sore [ pr —
-MAP4 S1073 k
P .

MAP4 l— -_— —r'-|

GAPDH l- —— e — -|

o
1

¢

<y
. ARG-160
A\

IS
1

A

B SER-164 \f

27

v
4 MAéK‘E

- \

Supernatant TNF-a concentration (pg/mL) Relative Expression of MARK4 mRNA in PMVEC (/GAPDH)

T
D E. F_ GE
150 E 3007 E 150 &
=J i=J =
e & O 5
= = 2 -
o S S =
2 = wax s
g g a
100 £ 200 £ 100 £ 4
8 + 3 <
c H -+ z
8 #ns o £ 31
© «Q NA
i - ns +
= 100+ 3 50+ = E R -
s E S ns
g 5 — 5
= E [
2 @ K]
> 2 o~ 2
@ 7] 2
Q.
3 > > ) (<] >
Ay
2 & S &
= N3 L N
s > @
] a5
3 2
WV 6x
I <
CON LPS LPS+40 LPS+40+0e-NC LPS+40+oe-MARK4
&
H NN
o b(on & o
o ) ) ) ) <<
& AN N N (=)

oecsors [ =
=

o R T

|---—_——.—|

|-———_—_|

|-—-——--—|

MARK4

a-tubulin

VE-cadherin

Ace-tubulin

Polymeric
tubulin

Monomeric
tubulin

MERGE

GAPDH |- — O — -|

Figure 7 Overexpression of MARK4 in R-PMVEC reversed the protective effect of rhein. (A) MARK4 mRNA relative expression in R-PMVEC treated with different doses of rhein
was performed by Real-Time quantitative PCR. (B) Protein expression levels of MARK4 and p-MAP4 (S1073) in R-PMVEC treated with different doses of rhein were performed by
Western blot. (C) Molecular docking result of MARK4 and rhein. (D—F) Inflammatory factors TNF-o, IL-6, and IL- I levels in R-PMVEC culture supernatant were detected by kits
separately. (G) MARK4 mRNA relative expressions in R-PMVEC were performed by Real-Time quantitative PCR. (H) Protein expression levels of MARK4, p-MAP4 (S1073),
PIEZOI, VE-cadherin, and MT-related proteins in R-PMVEC were performed by Western blot. (I) Immunofluorescence staining of MARK4 and MT in R-PMVEC. Data were
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+o0e-NC group. scale bar: 10um.

Protective Effect of MARK4 Inhibitor or Rhein on Lung Injury in SAP Rats

PCR results showed that the mRNA levels of inflammatory factors in the SAP group were significantly higher than those
in the SO group and decreased in the MARK inhibitor PCC0208017 treatment group (SAP+PCC) and the rhein treatment
group (SAP+150) (Figure 8A—C). WB results indicated that the protein levels of p-MAP4 (S1073) and PIEZO1 increased

in the SAP group, the endothelial barrier was damaged, and MT depolymerization occurred. These changes were
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Figure 8 MARK4 inhibitor or rhein ameliorated lung injury in SAP-ALI rats. (A—C) TNF-q, IL-6, and IL-1p mRNA relative expressions in rat lungs were performed by Real-
Time quantitative PCR. (D) Protein expression levels of p-MAP4 (S1073), PIEZO|I, VE-cadherin, and MT-related proteins in rat lungs were performed by Western blot. (E)
Immunofluorescence staining of MT in rat lungs. Data were representative images or expressed as mean = SD of each group at least three independent experiments. ***
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effectively reversed after applying PCC0208017 or rhein (Figure 8D). Consistently, lung tissue immunofluorescence also
showed that apparent MT damage happened in the lungs of SAP group rats. After administration of the MARK4 inhibitor
or rhein, the MT damage was significantly alleviated (Figure 8E).

Discussion
Under the stimulation of LPS, the levels of inflammatory factors in the cell culture supernatant significantly increased,
while rhein could decrease the levels of these inflammatory factors in a concentration-dependent manner (5 pM, 20 uM,
and 40 uM). The endothelial barrier and MT structure were damaged under inflammatory conditions, which was
consistent with our previous research findings,”> and rhein intervention could partially alleviate these changes. In
addition, the results indicated that in vivo, rhein (50mg/kg, 100mg/kg, and 150mg/kg) significantly improved the severity
of pancreatitis and pulmonary inflammatory responses, reduced the permeability of the pulmonary endothelial barrier,
and mitigated the depolymerization of MT.

MARKA4 is a serine/threonine kinase that modifies microtubule-associated proteins (MAPs, including tau, MAP2, and
MAP4) through phosphorylation to alter microtubule structure.”® Recent studies have also found that MARK4 can
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participate in the regulation of inflammatory responses by modulating the formation of the NLRP3 inflammasome and
activating the NF-kB signaling pathway.>* 2 However, there is currently no research on the role of MARK4 in SAP-
ALI. MARK4 can induce the detachment of MAP4 from MT by phosphorylating the MT anchor site at the S1073
position of MAP4, leading to the depolymerization of the MT structure.””*® We proposed the hypothesis that during
SAP-ALIL, MARK4 might cause the depolymerization of MT in endothelial cells by phosphorylating the MAP4 S1073
site. We knocked down MARK4 in R-PMVEC, and the results showed a significant decrease in the phosphorylation level
of MAP4 at the S1073 site, with a reduction in MT depolymerization. Additionally, the levels of inflammatory factors in
the culture medium of R-PMVEC also decreased, suggesting that MARK4 may be involved in the inflammatory response
induced by LPS. Subsequently, we conducted RNA sequencing on two groups of R-PMVEC samples (LPS vs LPS+sh-
MARK4). Compared to stimulation with LPS alone, the knockdown of MARK4 resulted in changes in the expression of
2081 genes. Interestingly, Piezo-type mechanosensitive ion channel component 1 (PIEZO1) was also among DEGs.
PIEZO1 is a mechanosensitive ion channel widely distributed in the lungs and involved in a variety of physiological
processes.”’>° PIEZO1 enhances the permeability of lung vascular endothelial cells by promoting the internalization and
degradation of adherens junction protein VE-cadherin.®' Under shear stress, PIEZO1 is activated, leading to an influx of
extracellular Ca?" and the activation of the protease calpain-2, which can hydrolyze the cytoskeleton.*? Our findings
indicate that MARK4 plays a role in regulating PIEZO1 expression in response to LPS stimulation.

Molecular docking was applied to simulate the binding of MARK4 with rhein, and the binding energy indicated
a stable binding with strong affinity. The expression levels of MARK4 and MAP4 S1073 in cells decreased most
significantly when treated with a higher concentration of rhein. To further validate this finding, we overexpressed
MARK4 in R-PMVEC for a rescue experiment. The results demonstrated that overexpression of MARK4 could partially
reverse the therapeutic effect of rhein, while the protein expression levels of MAP4 S1073 and PIEZO1 also increased
again. Finally, a MARK4 inhibitor was used in vivo experiments to explore the potential role of MARK4 in SAP-ALIL
PCC0208017 has been previously proven to possess potent inhibitory effects on the activity of MARK4.>® The
experimental results showed that, similar to rhein, the MARK4 inhibitor could also alleviate inflammatory response
and depolymerization of MT in the rat lungs during SAP and affected the phosphorylation modification of MAP4 S1073
and the expression of PIEZO1.

Conclusion

Rhein may inhibit SAP-induced destruction and inflammation of pulmonary microvascular endothelial cells by inhibiting
MARK4-mediated microtubule depolymerization. Our findings indicate that PIEZO1, a mechanically gated ion channel,
may serve as a target gene for MARK4, suggesting a novel role for MARK4 beyond its established function in
microtubule regulation. This study elucidates the pathogenesis of SAP-ALI and identifies potential therapeutic agents.
Nonetheless, the current study is limited by its sample size and reliance on a single modelling method; future research
should incorporate a larger sample to validate the therapeutic effects of rhein. The specific mechanism of endothelial cell
damage mediated by the MAKR4-PIEZO1 axis we identified requires further investigation.
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