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Laggera alata attenuates LPS-induced systemic inflammation
and hepatic-pulmonary injury by regulating PINK1/Parkin-
associated mitophagy and macrophage polarization
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Abstract. Laggera alata is a traditional medicinal herb used
for inflammatory and infectious diseases, but its mecha-
nisms against endotoxin-induced systemic inflammation
remain unclear. The present study investigated the protec-
tive effects of total phenolics from Laggera alata (TPLA)
on lipopolysaccharide (LPS)-induced inflammatory injury
and explored the involvement of PTEN-induced putative
kinase 1 (PINK1)/Parkin-associated mitophagy and macro-
phage polarization. LPS-induced inflammatory models
were established in RAW264.7 macrophages and C57BL/6
mice. Cell viability, apoptosis, mitochondrial membrane
potential (MMP), cytokine production, macrophage polar-
ization and mitophagy-related protein expression were
evaluated. Mdivi-1 was used to assess the involvement of
mitophagy-related signaling. In vivo, core body temperature,
serum cytokines, and lung and liver histopathology were
examined. TPLA improved the viability of LPS-stimulated
macrophages, reduced apoptosis, restored MMP, decreased
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p62 expression, and increased PINKI, Parkin and the
LC3-1I/LC3-I ratio. TPLA also suppressed M1-associated
indicators, including inducible nitric oxide synthase, IL-12
and CD80/CD86, while enhancing M2-associated indica-
tors, including arginase 1, IL-10 and CD206/CD163. In
addition, TPLA reduced IL-1f, IL-6 and TNF-a release.
Mdivi-1 partially reversed the effects of high-dose TPLA
on mitophagy-related protein expression and macrophage
polarization. In LPS-challenged mice, TPLA alleviated
hypothermia, reduced systemic cytokine levels, and attenu-
ated hepatic and pulmonary injury. These findings suggest
that TPLA protects against LPS-induced systemic inflam-
mation and hepatic-pulmonary injury by modulating
PINK1/Parkin-associated mitophagy-related signaling and
macrophage polarization.

Introduction

Sepsis is a life-threatening syndrome defined by organ
dysfunction arising from a dysregulated host response to
infection, with up to 60% of patients progressing to acute
kidney injury (AKI) (1). Its pathogenesis is multifactorial,
involving excessive immune activation, cytokine storms
and microvascular dysfunction (2). Despite progress in
supportive care, sepsis remains a major clinical challenge,
contributing to ~11 million deaths worldwide annually, and
often results in poor outcomes for survivors (3). Current treat-
ments primarily rely on early recognition and non-specific
supportive interventions, such as broad-spectrum antibiotics,
fluid resuscitation and hemodynamic stabilization (4).
However, no effective targeted pharmacotherapies exist,
and present strategies remain largely symptomatic and
insufficient (3).

Traditional Chinese medicine (TCM) offers thera-
peutic benefits through multi-component, multi-pathway
and multi-target mechanisms and is considered a potential
complementary strategy for the management of sepsis-related
inflammatory disorders (5). Laggera alata (D. Don) Sch. Bip.
ex Oliv,a member of the Asteraceae family, is native to eastern,
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southeastern and southwestern China and has been traditionally
used in TCM for effects traditionally described as dispelling
wind, eliminating dampness and detoxification (6). As a tradi-
tional Chinese medicinal herb, Laggera alata has long been
used in Chinese folk medicine to treat various disorders and
has been reported to exhibit antibacterial, anti-inflammatory
and antipyretic activities (7). Traditionally, Laggera alata has
been commonly used for the treatment of upper respiratory
tract infections, influenza, parotitis and recurrent herpes viral
infections, with its extracts showing notable anti-inflammatory
and antiviral activities (8). Additionally, this plant is frequently
employed to eliminate phlegm and treat bronchitis and jaun-
dice, which is closely related to its rich essential oil content.
These essential oils are mainly composed of oxygenated
monoterpenes and sesquiterpenes, among which the aromatic
ether 2,5-dimethoxy-p-cymene is one of the major active
constituents (9). Modern pharmacological studies have shown
that extracts of Laggera alata possess anti-inflammatory prop-
erties and show protective effects in various disease models,
including carbon tetrachloride-induced hepatic fibrosis (10),
collagen-induced rheumatoid arthritis (11) and sepsis-associ-
ated AKI (12). However, the molecular mechanisms underlying
its effects in endotoxin-induced systemic inflammation remain
poorly understood.

The authors' previous research demonstrated that
total phenolics extracted from Laggera alata (TPLA)
attenuated inflammation in a rheumatoid arthritis model
by suppressing M1 macrophage polarization (11). Among
the key drivers of multi-organ dysfunction in sepsis is
mitochondrial impairment, especially in the kidneys (13).
Mitophagy, an essential mitochondrial quality-control
process that selectively eliminates damaged or superfluous
mitochondria, has recently been recognized as a critical
regulator of mitochondrial homeostasis, immune regula-
tion and disease progression (14-16). Among the currently
identified mitophagy pathways, the PTEN-induced putative
kinase 1 (PINKI1)/Parkin-dependent pathway remains one
of the best-characterized mechanisms, in which PINK1
accumulates on damaged mitochondria and recruits Parkin
to initiate mitochondrial ubiquitination and autophagic
clearance (16). Recent evidence further indicates that
mitochondrial dysfunction, impaired mitophagy, excessive
mitochondrial reactive oxygen species (ROS) production
and altered mitochondrial metabolism are closely associ-
ated with macrophage polarization imbalance and immune
dysregulation during sepsis (17,18). Moreover, activation of
the PINK1/Parkin pathway has been shown to mitigate renal
injury and improve outcomes in AKI models (19). In partic-
ular, recent studies have linked PINK1/Parkin-mediated
mitophagy to macrophage phenotype remodeling,
suggesting that mitophagy may serve as a mechanistic bridge
between mitochondrial quality control and inflammatory
resolution (20,21). While mitophagy has emerged as a key
mechanism in sepsis pathophysiology, the potential role of
TPLA in modulating PINK1/Parkin-associated mitophagy
and immune regulation has not yet been investigated. The
present study aimed to elucidate the mechanisms by which
TPLA alleviates LPS-induced systemic inflammation and
organ injury, with a focus on PINK1/Parkin-associated
mitophagy and macrophage polarization.

Materials and methods

Preparation of TPLA. Plant material was collected on
November 29, 2019, from Sanfang Reservoir (Longxu,
Cangwu, Guangxi, China). The voucher specimen (collection
no. 450421191129020LY) was deposited in the Herbarium
of Guangxi Institute of Botany (IBK) under voucher number
IBK00430105. The specimen was identified by Yusong Huang
on October 24, 2020, as Laggera alata (D. Don) Sch. Bip. ex
Oliv, a species belonging to the genus Laggera of the family
Asteraceae. The whole plant was used for extraction. The
plant name was verified against The Plant List (http://www.
theplantlist.org). TPLA was extracted according to previously
published protocols (11). Dried Laggera alata herb (10 kg)
was ground into coarse powder and extracted twice by reflux
with 95% ethanol at ~84°C, using solvent-to-material ratios of
12:1 and 8:1 (L/kg) for 1.5 and 1 h, respectively. The combined
extracts were filtered, concentrated under reduced pressure
using a rotary evaporator, and subsequently dried in a 65°C
water bath. The yield of TPLA (total phenolics: 13.52%) was
2.156 kg, with an extraction efficiency of 21.56%. The extract
was sealed and stored in a dry environment. For experi-
mental use, an accurately weighed amount of TPLA powder
was dissolved in distilled water and diluted to the required
concentration immediately before use.

Cell culture and treatment. The mouse macrophage cell line
RAW264.7 (cat. no. CL-0190; Wuhan Pricella Biotechnology
Co., Ltd.) was cultured in high-glucose Dulbecco's Modified
Eagle Medium (DMEM,; cat. no. E600003; Sangon Biotech
Co., Ltd.) supplemented with 10% fetal bovine serum (FBS;
Guangzhou Yunoer Biotechnology Co., Ltd.) and 1% peni-
cillin-streptomycin (cat. no. P1400; Beijing Solarbio Science
& Technology Co., Ltd.) at 37°C in a 5% CO, incubator.
Cells were tested and confirmed to be mycoplasma-free and
authenticated by short tandem repeat (STR) profiling (Wuhan
Pricella Biotechnology Co., Ltd.). Cells at 80-90% confluence
were used for experiments. To establish an in vitro LPS model
group, cells were treated with 1 xg/ml lipopolysaccharide
(LPS; cat. no. L2630; MilliporeSigma) for 24 h (22), followed
by treatment with TPLA at low (10 yg/ml), medium (50 pg/ml)
and high (100 pg/ml) concentrations or dexamethasone (DEX;
10 uM; cat. no. D4902; MilliporeSigma). The control group
received no treatment. For mitophagy inhibition experiments,
cells were additionally assigned to the LPS, LPS + TPLA-high,
and LPS + TPLA-high + Mdivi-1 groups. Mdivi-1 (10 uM;
cat. no. M0199; Sigma-Aldrich; Merck KGaA) was added
1 h before TPLA-high treatment. Mitophagy-related protein
expression was subsequently evaluated by western blotting. In
the Mdivi-1 inhibition experiment, macrophage polarization
was further assessed by flow cytometry using CD80/CD86 as
M1-associated markers and CD206/CD163 as M2-associated
markers.

Enzyme-linked immunosorbent assay (ELISA). Levels
of IL-1pB (cat. no. MLBOOC-1; R&D Systems, Inc.), IL-6
(cat. no. BMS603-2), TNF-a (cat. no. BMS607-3TEN), IL-1a.
(cat. no. 900-K82K), IL-4 (cat. no. 88-7044-88) and IL-10
(cat. no. 88-7105-88; all from Thermo Fisher Scientific,
Inc.) were quantified using ELISA kits. Samples were added
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to 96-well plates pre-coated with capture antibodies and
incubated for 2 h at 37°C. After washing, biotin-conjugated
detection antibodies were added and incubated for 1 h at 37°C,
after which the substrate solution (cat. no. A8043; Thermo
Fisher Scientific, Inc.) was added for color development.
Absorbance was measured at 450 nm using a microplate
reader (Varioskan™ LUX; Thermo Fisher Scientific, Inc.), and
concentrations were calculated from standard curves.

JC-1 staining for mitochondrial membrane potential (MMP).
MMP was assessed using JC-1 dye (cat. no. C2006; Beyotime
Institute of Biotechnology). After 24 h of treatment, cells were
washed with PBS and incubated with 5 pM JC-1 at 37°C for
30 min in the dark. After staining, cells were washed with JC-1
buffer and immediately analyzed by flow cytometry (Accuri
C6; BD Biosciences). Fluorescence signals were collected in
the FL1-H (green, JC-1 monomers, 530+15 nm) and FL2-H
(red, JC-1 aggregates, 585+20 nm) channels under logarithmic
scaling. At least 10,000 events were recorded per sample. The
red/green fluorescence ratio was calculated to represent MMP,
where red fluorescence indicates polarized mitochondria
and green fluorescence indicates depolarization. Data were
analyzed using FlowJo software (v10.8; BD Biosciences).

Cell Counting Kit-8 (CCK-8) assay. RAW264.7 cells were
seeded at 6x10* cell/ml (200 pl per well) in 96-well plates and
treated according to group allocation. After 24 h of treatment,
20 ul of CCK-8 reagent (cat. no. CK04; Dojindo Laboratories,
Inc.) was added to each well and incubated for 2-4 h at 37°C.
Absorbance was then measured at 450 nm using a microplate
reader (Synergy H1; BioTek; Agilent Technologies, Inc.).

Flow cytometric analysis of apoptosis. Apoptosis was evalu-
ated using the Annexin V-FITC/PI Apoptosis Detection Kit
(cat. no. A211-01; Vazyme Biotech Co., Ltd.) following
the manufacturer's instructions. After washing with PBS
(cat. no. E600003; Sangon Biotech Co., Ltd.), cells were
digested with 0.25% trypsin (cat. no. C0201; Beyotime
Institute of Biotechnology) without EDTA, resuspended in 1X
binding buffer, and incubated with 5 ul Annexin V-FITC and
5 pl propidium iodide (PI) for 15 min at room temperature
in the dark. Samples were immediately analyzed by flow
cytometry (Accuri C6; BD Biosciences). Fluorescence was
detected using the FL1-H (FITC, 530+15 nm) and FL3-H (PI,
>670 nm) channels under logarithmic scaling. Compensation
was applied using single-stained controls. At least 10,000
events were acquired per sample, and debris and doublets
were excluded by forward- and side-scatter gating. Early and
late apoptotic cell percentages were calculated using FlowJo
software (v10.8; BD Biosciences).

Western blotting. RAW264.7 cells were lysed in RIPA buffer
(cat. no. POO13B; Beyotime Institute of Biotechnology) after
washing with PBS, and lysates were centrifuged at 12,000 x g
for 15 min at 4°C to collect supernatants. Protein concentration
was determined using a BCA protein assay kit (cat. no. PO012;
Beyotime Biotechnology) according to the manufacturer's
instructions. Equal protein amounts (30 ug) were resolved
on 10% gels using SDS-PAGE together with a pre-stained
protein marker (cat. no. G2086; Wuhan Servicebio Technology
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Co., Ltd.), followed by transfer onto PVDF membranes
(MilliporeSigma). Membranes were blocked with 5% non-fat
milk in TBST containing 0.1% Tween-20 for 1 h at room
temperature and then incubated with primary antibodies
overnight at 4°C: LC3B rabbit monoclonal antibody (1:2,000;
cat. no. ab192890; Abcam), p62 rabbit polyclonal antibody
(1:10,000; cat. no. abl09012; Abcam), Parkin rabbit polyclonal
antibody (1:1,000; cat. no. GB11596; Wuhan Servicebio
Technology Co., Ltd.), PINKI1 rabbit polyclonal antibody
(1:500; cat. no. GB114934; Wuhan Servicebio Technology
Co., Ltd.) and GAPDH rabbit polyclonal antibody (1:2,500;
cat. no. ab9485; Abcam). After incubation with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary
antibody (1:10,000; cat. no. ab6721; Abcam), chemilumines-
cent signals were detected on X-ray films using ECL substrate
(Thermo Fisher Scientific, Inc.). Band intensities were analyzed
with ImagelJ software (v1.80; National Institutes of Health).

Reverse transcription-quantitative PCR (RT-qPCR). Total
RNA was extracted using RNAiso Plus reagent (cat. no. 9109;
Takara Bio, Inc.), and RNA purity and concentration were
determined using a NanoDrop spectrophotometer (Micro
Drop; Bio-DL). cDNA synthesis was performed using
PrimeScript RT Reagent Kit (cat. no. RR037A; Takara Bio,
Inc.) under the following conditions: 37°C for 15 min, 85°C for
5 sec. qPCR was performed using PowerTrack™ SYBR Green
Master Mix (Thermo Fisher Scientific, Inc.) and specific
primers as follows: inducible nitric oxide synthase (iNOS)
forward, 5'"TCCTGGACATTACGACCCCT-3' and reverse,
5-AGGCCTCCAATCTCTGCCTA-3'; IL-12 forward, 5'-CTC
CTGTGGGAGAAGCAGAC-3' and reverse, 5'-CAGATAGCC
CATCACCCTGT-3"; arginase 1 (Argl) forward, 5-AGATTA
TCGGAGCGCCTTTCT-3' and reverse, 5'-CGTGGTCTC
TCACGTCATACT-3"; IL-10 forward, 5'-CCAAGCCTTATC
GGAAATGA-3" and reverse, 5S-TTTTCACAGGGGAGA
AATCG-3"; and GAPDH forward, 5-GTGTTCCTACCCCCA
ATGTGT-3' and reverse, 5'-ATTGTCATACCAGGAAAT
GAGCTT-3". The PCR cycling conditions were 95°C for 5 min,
followed by 40 cycles of 95°C for 10 sec and 60°C for 30 sec.
A melting curve analysis was performed at the end. Relative
gene expression was calculated using the 244% method (23).
GAPDH was used as the internal reference gene.

Immunofluorescence (IF) staining. IF staining of CD8O0,
CD86, CD206 and CD163 was performed to assess changes in
macrophage polarization. After 24 h of cell culture, cells were
washed twice with phosphate-buffered saline and fixed with
4% paraformaldehyde (cat. no. AO0O1; Sangon Biotech Co.,
Ltd.) for 20 min at room temperature. Cells were then permea-
bilized with 0.1% Triton X-100 (cat. no. A600413; Sangon
Biotech Co., Ltd.) for 10 min, followed by blocking with 5%
normal goat serum (cat. no. C0265; Beyotime Institute of
Biotechnology) for 1 h at room temperature. Subsequently, cells
were incubated overnight at 4°C with the following primary
antibodies: CD80 (1:200; cat. no. 66406-1-Ig), CD86 (1:200;
cat. no. 13395-1-AP), CD206 (1:200; cat. no. 83485-1-RR)
and CD163 (1:200; cat. no. 16646-1-AP; all from Proteintech
Group, Inc.). The next day, cells were washed three times
with PBS and incubated for 1 h at room temperature with
Alexa Fluor 488-conjugated secondary antibody (1:1,000;
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cat. no. A11034) and Alexa Fluor 594-conjugated secondary
antibody (1:1,000; cat. no. A11032; both from Thermo
Fisher Scientific, Inc.). Nuclei were stained with 1 pg/ml
DAPI (cat. no. C1002; Beyotime Institute of Biotechnology)
for 10 min, and images were captured using a fluorescence
microscope (IX71; Olympus Corporation).

Flow cytometric analysis of macrophage polarization.
Macrophage polarization was further quantified by flow
cytometry. After the indicated treatments, RAW264.7
cells were collected, washed with PBS, and incubated with
fluorochrome-conjugated anti-mouse antibodies against
CD80-FITC (cat. no. 104705), CD86-PE (cat. no. 105007),
CD206-PerCP/Cyanine5.5 (cat. no. 141715) and CD163-APC
(cat. no. 155305; all from BioLegend, Inc.) according to the
manufacturers' instructions. After incubation in the dark at 4°C
for 30 min, cells were washed twice with PBS and analyzed
using a BD Accuri C6 flow cytometer (BD Biosciences).
Debris and doublets were excluded by forward- and
side-scatter gating, and at least 10,000 events were acquired
for each sample. The percentages of CD80/CD86-positive
and CD206/CD163-positive cells were analyzed using FlowJo
software (v10.8; BD Biosciences).

Experimental animals. Male C57BL/6 mice (7-8 weeks old,
20-25 g) were obtained from Hunan Silaike Jingda Laboratory
Animal Co., Ltd. [production license No. SCXK (Xiang)
2019-0004]. Only male mice were used in this initial in vivo
experiment to reduce variability associated with sex-depen-
dent immune and hormonal differences and because previous
LPS/endotoxemia studies have reported sex-dependent inflam-
matory and organ-injury responses, with male mice often
showing greater susceptibility or more pronounced injury than
female mice (24). All animal experiments were conducted at
the Guangxi University of Chinese Medicine, which holds the
laboratory animal use license No. SYXK [Gui] 2019-0001. All
procedures were approved by the Animal Ethics Committee
of Guangxi University of Chinese Medicine (approval no.
DW20240923-01; Nanning, China). Animals were housed
in a controlled environment (25+2°C, 65% humidity, 12/12-h
light/dark cycle) with free access to standard chow and puri-
fied water. All animal procedures complied with the ARRIVE
guidelines (25) and the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Establishment of the LPS-induced systemic inflammation
model and pretreatment regimen. Mice were randomly
assigned to the following groups: control, LPS model, TPLA
(low, medium and high dose) and DEX (n=6 per group). A
total of 36 mice were used in the in vivo experiment, with
six mice allocated to each group. All 36 animals completed
the experimental protocol and were included in the final
analysis. No animals were excluded, no animals were found
dead, and no premature euthanasia was required during
the study. At the scheduled endpoint, all 36 mice were
euthanized for sample collection. TPLA was administered
orally at 50, 100, or 200 mg/kg once daily for 27 consecu-
tive days as a pretreatment regimen (11). The DEX group
received DEX at 1 mg/kg (26). On the last two days of the
experiment, mice were challenged with intraperitoneal LPS

(20 mg/kg), twice daily for two consecutive days, to induce
acute systemic inflammatory injury (27). Mice exhibiting
lethargy, piloerection and labored breathing within 24 h
were considered successfully modeled (28). Core body
temperature was measured 6 h after the final LPS injection.
The total duration of the in vivo experiment was 27 days,
and mice were euthanized 6 h after the final LPS injection
on day 27. At the scheduled endpoint, mice were deeply
anesthetized and euthanized by intraperitoneal injection of
1% sodium pentobarbital solution (10 mg/ml; Sigma-Aldrich,
P3761) at 150 mg/kg body weight (29,30), followed by
cervical dislocation as a secondary physical method. Death
was verified by the absence of spontaneous respiration and
heartbeat, loss of corneal and pedal withdrawal reflexes,
and absence of response to toe pinch before tissue collec-
tion. Humane endpoints were defined before the experiment
to minimize animal suffering. Animals were monitored at
least twice daily for signs of distress, including persistent
lethargy, severe weight loss (>20% of body weight), hypo-
thermia, hunched posture, tremors, unresponsiveness, or
labored breathing. Mice showing any of these signs would
have been immediately euthanized using the same sodium
pentobarbital protocol.

Hematoxylin and eosin (H&E) staining. Lung and liver
tissues were collected and fixed in 10% neutral-buffered
formalin (cat. no. HT501128; MilliporeSigma) for 24 h at
room temperature. After dehydration, clearing and paraffin
embedding, 4 ym-thick sections were cut using a microtome
(cat. no. RM2255; Leica Biosystems). Sections were deparaf-
finized using xylene (X5; MilliporeSigma) and rehydrated
through graded ethanol. Hematoxylin (cat. no. GHS132) and
eosin (cat. no. E4003; both from MilliporeSigma) were used
for nuclear and cytoplasmic staining, respectively. After dehy-
dration and clearing, slides were mounted with neutral resin
(cat. no. G8110; MilliporeSigma) and examined under a light
microscope (BX53; Olympus Corporation). Semi-quantitative
histopathological scoring was performed to evaluate lung and
liver injury. For each animal, representative non-overlapping
fields were observed, and the overall pathological injury was
scored by two independent investigators blinded to the experi-
mental groups. Lung injury was assessed according to alveolar
structural destruction, alveolar septal thickening, inflamma-
tory cell infiltration, congestion and alveolar collapse. Liver
injury was assessed according to hepatocellular swelling,
cytoplasmic rarefaction, inflammatory cell infiltration, nuclear
pyknosis and disruption of hepatic cord architecture. The
severity of pathological injury was graded using a 0-4 scale
as follows: 0, no obvious injury; 1, mild injury; 2, moderate
injury; 3, severe injury; and 4, very severe injury.

Statistical analysis. Statistical analyses and graph genera-
tion were performed using GraphPad Prism 10.0 (GraphPad
Software; Dotmatics). Data are presented as the mean + stan-
dard deviation. Semi-quantitative histopathological injury
scores are presented as median with interquartile range. Data
normality was assessed using the Shapiro-Wilk test. For
normally distributed data, independent-samples t-tests were
used for two-group comparisons, and one-way ANOVA with
Tukey's post hoc test was used for multiple group comparisons.
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Figure 1. TPLA attenuates LPS-induced apoptosis and pro-inflammatory cytokine production in macrophages. (A) Representative flow cytometry histograms
of apoptotic cells. (B) Quantification of apoptotic cell percentage. (C) Cell viability determined by CCK-8 assay. (D) Concentrations of IL-1f3, IL-6 and TNF-a

ok

kit-8; ELISA, Enzyme-linked immunosorbent assay.

For non-normally distributed data, the Wilcoxon rank-sum test
and Kruskal-Wallis test with Dunn's multiple comparisons
were applied. P<0.05 was considered to indicate a statistically
significant difference.

Results

TPLA significantly alleviates LPS-induced macrophage
apoptosis and pro-inflammatory cytokine release. Flow
cytometric analysis revealed a significant increase in both
early and late apoptotic rates in macrophages treated with
LPS, whereas treatment with low, medium and high doses of
TPLA reduced apoptosis in a dose-dependent manner, with
the high-dose group showing an effect similar to that of DEX

in cell supernatants measured by ELISA. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Data are presented as mean + SD (n=3).
P<0.001 compared with the LPS group. TPLA, total phenolics from Laggera alata; LPS, lipopolysaccharide; DEX, dexamethasone; CCK-8, Cell counting

(Fig. 1A). Quantitative analysis confirmed that the apoptotic
rate in the LPS group increased to ~20%, while treatment
with TPLA reduced this rate to ~15, 13 and 8%, respectively,
and these reductions were statistically significant compared
with the LPS group (Fig. 1B). Cell viability assessed by
CCK-8 assay showed a significant reduction following
LPS stimulation, which was restored in a dose-dependent
manner by TPLA treatment to levels approaching those of
the control group (Fig. 1C). ELISA results demonstrated
that LPS significantly increased the levels of IL-1f3, IL-6
and TNF-a, while TPLA treatment significantly suppressed
the secretion of these cytokines, especially in the high-dose
group, which exhibited cytokine levels comparable to the
control (Fig. 1D).
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Figure 2. TPLA restores LPS-suppressed PINK1/Parkin-associated mitophagy-related signaling in macrophages. (A) Western blot analysis of p62, Parkin,
PINK1 and LC3 protein levels. (B) JC-1 staining to evaluate mitochondrial membrane potential (AWm). Scale bar, 100 ym. Data were analyzed by one-way

ANOVA followed by Tukey's post hoc test. Data are presented as the mean + SD (n=3).

P<0.001 compared with the LPS group. The protein levels of p62,

Parkin and PINK1 were normalized to GAPDH, whereas LC3 was expressed as the LC3-I1I/LC3-I ratio. TPLA, total phenolics from Laggera alata; LPS,

lipopolysaccharide; DEX, dexamethasone.

TPLA restores LPS-suppressed PINKI/Parkin-associated
mitophagy-related signaling in macrophages. Western blot
analysis indicated that LPS treatment significantly reduced
LC3-II expression and decreased the LC3-II/LC3-I ratio,
suggesting suppression of autophagy-related activity. This
impairment was reversed by medium and high doses of TPLA,
which restored the LC3-II/LC3-I ratio to levels comparable
to those in the DEX group. In addition, LPS elevated expres-
sion of the autophagy substrate p62 while downregulating
the mitophagy-related proteins Parkin and PINKI1. TPLA
treatment dose-dependently reduced p62 expression and
significantly increased Parkin and PINKI1 levels, consistent
with activation of PINK1/Parkin-associated mitophagy-related
signaling (Fig. 2A). JC-1 staining revealed that LPS reduced
MMP, as evidenced by increased green monomer fluorescence
and decreased red aggregate fluorescence. This mitochondrial

dysfunction was reversed by TPLA treatment, particularly at
higher doses (Fig. 2B).

TPLA suppresses LPS-induced M1 macrophage polarization
and promotes M2 phenotype transition. RT-qPCR analysis
showed that LPS stimulation significantly increased
MIl-associated genes iNOS and IL-12, while decreasing
M?2-associated genes Argl and IL-10. TPLA treatment
dose-dependently reversed this trend, decreasing iNOS and
IL-12 expression and enhancing Argl and IL-10 expression
(Fig. 3A). ELISA results demonstrated that LPS significantly
elevated levels of Ml-associated cytokines IL-1o and IL-1
and suppressed M2-associated cytokines IL-4 and IL-10.
TPLA treatment decreased M1 cytokine levels and increased
M2 cytokine levels in a dose-dependent manner (Fig. 3B).
IF analysis further confirmed these results. CD80/CD86
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Figure 3. TPLA suppresses LPS-induced M1-like macrophage polarization. (A) Reverse transcription-quantitative PCR analysis of M1 markers (iNOS and IL-12)
and M2 markers (Argl and IL-10). (B) ELISA quantification of M1 cytokines (IL-1a and IL-13) and M2 cytokines (IL-4 and IL-10). (C) Immunofluorescence
staining of M1 markers (CD80 and CD86) and M2 markers (CD206 and CD163). Scale bar, 100 ym. Data were analyzed by one-way ANOVA followed by
Tukey's post hoc test. Data are presented as the mean = SD (n=3). “"P<0.001 compared with the LPS group. TPLA, total phenolics from Laggera alata; LPS,
lipopolysaccharide; iNOS, inducible nitric oxide synthase; DEX, dexamethasone.

expression (M1 markers) was increased in the LPS group,
while CD206/CD163 expression (M2 markers) was reduced.
TPLA treatment reversed these changes, with high-dose
TPLA showing effects comparable to DEX (Fig. 3C). Flow
cytometric analysis further confirmed the regulatory effect
of TPLA on macrophage polarization. LPS stimulation
significantly increased the proportion of CD80/CD86-positive
M1 macrophages compared with the control group, whereas
TPLA treatment reduced the CD80/CD86-positive population
in a dose-dependent manner. In particular, high-dose TPLA
decreased the proportion of CD80/CD86-positive macrophages
to a level close to that observed in the DEX group (Fig. 4A).
Conversely, LPS significantly decreased the proportion of
CD206/CD163-positive M2 macrophages, while TPLA treat-
ment dose-dependently restored the CD206/CD163-positive
population. The effect of high-dose TPLA was comparable to
that of DEX (Fig. 4B).

TPLA shifts macrophage polarization toward an M2-like
phenotype and enhances PINKI/Parkin-associated
mitophagy-related signaling. LPS stimulation significantly
increased the proportion of CD80/CD86-positive M1 macro-
phages compared with the control group, whereas high-dose
TPLA treatment reduced the CD80/CD86-positive popula-
tion (Fig. 5A). Conversely, LPS significantly decreased the
proportion of CD206/CD163-positive M2 macrophages, while
high-dose TPLA treatment restored the CD206/CD163-positive
population (Fig. 5B). However, co-treatment with Mdivi-1
partially reversed the effects of high-dose TPLA. To further
examine whether the mitophagy-related effects of TPLA
were associated with the PINK1/Parkin pathway, Mdivi-1 was
used to inhibit mitochondrial fission- and mitophagy-related
responses. Western blot analysis demonstrated that
high-dose TPLA increased the expression levels of Parkin
and PINK1, enhanced the LC3-II/LC3-I ratio, and reduced
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Figure 4. TPLA shifts macrophage polarization toward an M2-like phenotype. (A) Representative flow cytometry plots and quantification of CD80/CD86-positive
MI macrophages. (B) Representative flow cytometry plots and quantification of CD206/CD163-positive M2 macrophages. Data were analyzed by one-way

ANOVA followed by Tukey's post hoc test. Data are presented as the mean + SD (n=3).

Fes

P<0.001 compared with the LPS group. TPLA, total phenolics from

Laggera alata; LPS, lipopolysaccharide; L-TPLA, low-dose TPLA; M-TPLA, medium-dose TPLA; H-TPLA, high-dose TPLA; DEX, dexamethasone.

p62 accumulation compared with the LPS group. However,
co-treatment with Mdivi-1 partially reversed these changes,
as evidenced by decreased Parkin and PINKI1 expression,
reduced LC3-II/LC3-I ratio, and increased p62 expression
(Fig. 5C). These results indicate that TPLA-induced activa-
tion of the PINK1/Parkin-associated mitophagy pathway was
partially attenuated by Mdivi-1.

TPLA alleviates lung and liver tissue injury in an LPS-induced
systemic inflammation mouse model. H&E staining of lung
tissues revealed that the control group exhibited normal
alveolar architecture with thin alveolar septa and minimal
inflammatory cell infiltration. By contrast, the LPS group
displayed marked pathological injury, characterized by
alveolar collapse, interstitial thickening, congestion, and

marked inflammatory cell infiltration. Semi-quantitative
histopathological scoring further confirmed that the lung
injury score was markedly increased in the LPS group
compared with the control group. TPLA treatment reduced
lung pathological injury in a dose-dependent manner, with the
medium- and high-dose groups showing clear attenuation of
alveolar structural disruption and inflammatory infiltration.
The effect of high-dose TPLA was similar to that observed
in the DEX group (Fig. 6A and B). In liver tissues, the control
group demonstrated orderly hepatic cords, clear hepatic
sinusoidal structures and intact hepatocyte morphology. The
LPS group exhibited pronounced hepatocellular swelling,
cytoplasmic rarefaction, inflammatory infiltration and nuclear
pyknosis. Semi-quantitative scoring showed that LPS mark-
edly increased the liver injury score, whereas TPLA treatment
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ositive M1 macrophages. (B) Representative flow cytometry plots and quantifica-
and quantitative analysis of Parkin, PINK1, p62 and the LC3-II/LC3-I ratio in

macrophages treated with LPS, H-TPLA, or H-TPLA + Mdivi-1. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Data are presented
as the mean + SD (n=3). "P<0.05 and ““P<0.001 compared with the H-TPLA group. The protein levels of p62, Parkin and PINK1 were normalized to GAPDH,
whereas LC3 was expressed as the LC3-1I/LC3-I ratio. TPLA, total phenolics from Laggera alata; LPS, lipopolysaccharide; H-TPLA, high-dose TPLA;

Mdivi-1, mitochondrial division inhibitor 1.

reduced hepatic pathological damage in a dose-dependent
manner. In particular, medium- and high-dose TPLA signifi-
cantly improved hepatocellular architecture and reduced
inflammatory changes, with high-dose TPLA showing an
effect comparable to DEX (Fig. 6C and D).

TPLA mitigates LPS-induced hypothermia and systemic
inflammatory response. LPS administration markedly reduced
rectal temperature in mice by ~2°C compared with the control
group. Medium- and high-dose TPLA treatment significantly
restored body temperature to levels comparable with the
control and DEX groups, while the low-dose group showed
no significant improvement (Fig. 7A). ELISA analysis revealed
that LPS markedly increased serum levels of IL-1f, IL-6 and
TNF-a, reaching ~400, 1,800 and 800 pg/ml, respectively.

TPLA treatment reduced serum levels of these inflammatory
cytokines in a dose-dependent manner, with the high-dose
group showing the most pronounced effect, comparable to that
of DEX (Fig. 7B).

Discussion

Sepsis is a life-threatening systemic inflammatory syndrome
caused by infection, often accompanied by immune dysregula-
tion and multi-organ failure (31). In TCM, the pathogenesis
of sepsis is attributed to disruptions in qi and blood as well
as dysfunction of the internal organs. TCM interventions are
considered to alleviate inflammatory damage by modulating
systemic immune responses, restoring internal homeostasis
and rebalancing the microbiota (32). The present study
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Figure 6. TPLA alleviates lung and liver tissue damage in an LPS-induced systemic inflammation mouse model. (A) Representative H&E-stained images of lung
tissues. (B) Semi-quantitative histopathological injury scores of lung tissues. (C) Representative H&E-stained images of liver tissues. (D) Semi-quantitative
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methasone; H&E, hematoxylin and eosin; ns, not significant.
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Figure 7. TPLA mitigates LPS-induced hypothermia and systemic inflammation in an LPS-induced systemic inflammation model. (A) Core body temperature
of mice measured 6 h after the final LPS injection following the 27-day pretreatment regimen. (B) Serum levels of IL-1f, IL-6 and TNF-a determined by
ELISA. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Data are presented as the mean = SD (n=6). “P<0.01 and ““P<0.001
compared with the LPS group. TPLA, total phenolics from Laggera alata; LPS, lipopolysaccharide; DEX, dexamethasone.

provides evidence that TPLA attenuates LPS-induced acute
inflammatory injury through modulation of mitophagy-related
signaling and macrophage polarization (Fig. 8).

Previous studies have demonstrated the immunomodula-
tory effects of TPLA. Its bioactive constituents have been
reported to suppress M1 macrophage markers and enhance
M2 polarization, thereby exerting anti-inflammatory
effects (11). Other compounds derived from Laggera alata,
such as isochlorogenic acid A, have shown hepatoprotective
and anti-inflammatory activities, particularly by targeting
pathways like HMGB1/TLR4/NF-kB in hepatic fibrosis (10).
These findings provide a pharmacological foundation for the
potential application of TPLA in inflammatory disorders.

Macrophages play a central role in the progression and
resolution of sepsis. Although the M1/M2 classification
provides a useful framework, recent reviews emphasize that
macrophage polarization represents a highly plastic and
dynamic spectrum regulated by inflammatory stimuli, meta-
bolic reprogramming, tissue microenvironment and disease
stage (33-35). In LPS-induced models, macrophages are driven
toward the M1 phenotype, amplifying the inflammatory
response (36). Consistently, recent studies on sepsis-associated
acute lung injury have shown that macrophage polarization
is closely coupled with mitochondrial dysfunction, oxida-
tive stress and metabolic remodeling, further supporting
mitochondria-centered regulation as a potential strategy to
rebalance inflammatory macrophage responses (17,18). In
the present study, TPLA shifted macrophages away from an
MI-like phenotype and toward an M2-like phenotype. This
immunoregulatory role is consistent with recent evidence
showing that natural products or bioactive small molecules
can regulate inflammatory injury by targeting mitochon-
drial dysfunction, mitophagy and macrophage polarization.
For example, urolithin A was recently reported to alleviate
sepsis-induced acute lung injury by reducing mitochondrial
dysfunction, enhancing PINK1/Parkin-associated mitophagy,
and modulating macrophage polarization (37). In addition to
regulating macrophage polarization, TPLA also mitigated the
systemic inflammatory response induced by LPS. One of the

early indicators of severe sepsis is hypothermia, which reflects
dysregulation of thermoregulation. In the present study, LPS
administration significantly reduced the core body tempera-
ture of mice, consistent with previous models of sepsis (38,39).
TPLA treatment, particularly at medium and high doses,
restored body temperature to near-normal levels, comparable
to the effect of DEX. This thermoregulatory protection is
likely linked to TPLA's ability to inhibit pro-inflammatory
cytokines such as IL-1f3, IL-6 and TNF-a. As hypothermia in
sepsis is associated with poor prognosis, these findings suggest
that TPLA may help restore inflammatory and systemic
homeostasis in this model.

A key mechanistic insight from the present study is the
involvement of mitophagy in TPLA's anti-inflammatory
effects. Mitophagy is essential for maintaining mitochondrial
integrity, limiting mitochondrial ROS accumulation, and
preserving cellular metabolic homeostasis. Recent reviews
have highlighted that mitophagy can be mediated by ubiq-
uitin-dependent pathways, particularly the PINK1/Parkin
pathway, as well as receptor-mediated and other ubiq-
uitin-independent mechanisms (14,40). In macrophages,
mitophagy not only affects mitochondrial quality control
and energy metabolism but also participates in phenotype
remodeling, with recent studies suggesting that activation of
mitophagy can facilitate the transition from a pro-inflamma-
tory M1 phenotype toward a reparative or anti-inflammatory
M2-like phenotype under certain inflammatory contexts (17).
During mitophagy, PINK1 cooperates with the Parkin RBR
E3 ubiquitin protein ligase to target damaged mitochon-
dria for lysosomal degradation (41). It has been shown that
PINK1/Parkin-mediated mitophagy alleviates inflammatory
responses by removing dysfunctional mitochondria and
restoring macrophage function (42). In the present study,
TPLA upregulated PINK1 expression and was associated
with activation of mitophagy-related signaling. This process
was accompanied by downregulation of M1 markers such as
iNOS and IL-12 and upregulation of M2 markers including
Argl and IL-10, thereby modulating macrophage polariza-
tion and reducing LPS-induced inflammatory responses.
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Figure 8. Schematic summary of the proposed mechanism. TPLA activates PINK1/Parkin-associated mitophagy-related signaling and suppresses M1-like
macrophage polarization. By restoring the balance of M1/M2 macrophage populations, TPLA helps re-establish immune homeostasis and ameliorates
LPS-induced systemic inflammatory injury. The schematic diagram was created using Figdraw. TPLA, total phenolics from Laggera alata; iNOS, inducible
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Importantly, the additional Mdivi-1 experiment further
supported the involvement of PINK1/Parkin-associated
mitophagy in the action of TPLA. Mdivi-1 treatment partially
reversed the high-dose TPLA-induced increases in Parkin,
PINK1 and the LC3-II/LC3-I ratio, and increased p62
accumulation. Together with the flow cytometric evidence
showing that TPLA reduced CD80/CD86-positive macro-
phages and increased CD206/CD163-positive macrophages,
these findings suggest that TPLA-mediated macrophage
phenotype remodeling is closely associated with activation
of the PINK1/Parkin-associated mitophagy pathway.
Following accumulation on damaged mitochondria,
PINK1 recruits downstream effectors such as Parkin to initiate

mitochondrial ubiquitination and degradation, thus maintaining
mitochondrial function (42,43). Dysfunction of mitophagy leads
to cellular damage through accumulation of ROS, dysregulated
LC3/p62 expression, and reduced adaptability to inflammatory
stress (44). The present findings suggest that TPLA alleviated
these alterations by enhancing mitophagy-related signaling
and improving MMP. PINK1/Parkin-mediated mitophagy
has been reported to reduce renal injury by mitigating mito-
chondrial damage (45), and macrophage mitophagy also
protects against renal fibrosis via the PINK1/MFN2/Parkin
axis (46). Furthermore, PINK1/Parkin-dependent mitophagy
is activated during sepsis and has been shown to exert
anti-apoptotic and immunoregulatory effects in dendritic
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cells (47). The present study further supports the possibility
that TPLA mitigates inflammatory responses through
activation of the PINK1/Parkin-associated mitophagy pathway.

Dysregulated mitophagy not only impairs mitochondrial
function but also exacerbates macrophage-driven inflam-
mation. It has been previously shown that in the absence
of functional mitophagy, macrophages exhibit enhanced
inflammatory responses and reduced adaptability to repeated
inflammatory stimuli (48). Interestingly, the role of mitophagy
in immune regulation is bidirectional. Patoli ez al (49) found
that inhibition of PINK1-dependent mitophagy enhanced
macrophage bactericidal activity via mitochondrial ROS
and caspase signaling, suggesting context-dependent
effects. Qi et al (21) proposed that stage-specific modulation
of mitophagy may help manage cytokine storms in early
sepsis while supporting immune recovery later. The current
findings contribute to this framework by highlighting how
TPLA modulates mitophagy-related signaling to balance
macrophage function and inflammation. Thus, TPLA may
exert both anti-inflammatory and immunomodulatory
effects through regulation of the PINK1/Parkin-associated
pathway.

Nevertheless, although the present study supports
the protective potential of TPLA against LPS-induced
systemic inflammatory injury, several limitations should be
acknowledged. Although the present study provides phar-
macological and protein-expression evidence supporting the
involvement of PINK1/Parkin-associated mitophagy, direct
ultrastructural evidence of mitophagy was not obtained,
as transmission electron microscopy was not performed
to visualize mitophagosomes or mitochondria-containing
autophagic structures. In addition, further studies using
genetic loss-of-function approaches, such as PINK1 or Parkin
knockdown, will be required to more definitively establish
the causal relationship between mitophagy and macrophage
polarization. Future studies should integrate morphological
validation, mitophagy flux assessment, and genetic interven-
tion to further clarify the mechanism by which TPLA regulates
macrophage function in sepsis-related inflammatory injury.
In addition, the 27-day oral administration of TPLA was
designed as a pretreatment regimen and does not mimic the
clinical therapeutic window of established acute sepsis; there-
fore, the in vivo findings should be interpreted as protective
effects against LPS-induced systemic inflammatory injury
rather than direct therapeutic efficacy in established sepsis.
In vivo validation of PINK1/Parkin-associated mitophagy
and macrophage polarization in lung and liver tissues was
not performed and should be addressed in future studies.
Another limitation is that only male mice were used in the
in vivo experiment. Although this design was intended to
reduce variability associated with sex-dependent hormonal
and immune differences, it may introduce sex-related bias
and limit the generalizability of the findings to female
animals. Future studies should include both male and female
mice and evaluate sex as a biological variable to determine
whether the protective effects of TPLA are sex-dependent.
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