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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, fibrotic interstitial lung diseases, which mainly existed

in middle-aged and elderly people. The accumulation of reactive oxygen species (ROS) is a common characteristic

of IPF. Previous research also shown that lactate levels can be abnormally elevated in IPF patients. Emerging evidence
suggested a relationship between lactate and ROS in IPF which needs further elucidation. In this article, we utilized

a mouse model of BLM-induced pulmonary fibrosis to detect alterations in ROS levels and other indicators associ-
ated with fibrosis. Lactate could induce mitochondrial fragmentation by modulating expression and activity of DRP1
and ERK. Moreover, Increased ROS promoted P65 translocation into nucleus, leading to expression of lung fibrotic
markers. Finally, Ulixertinib, Mdivi-1 and Mito-TEMPO, which were inhibitor activity of ERK, DRP1 and mtROS, respec-
tively, could effectively prevented mitochondrial damage and production of ROS and eventually alleviate pulmonary
fibrosis. Taken together, these findings suggested that lactate could promote lung fibrosis by increasing mitochondrial
fission-derived ROS via ERK/DRP1 signaling, which may provide novel therapeutic solutions for IPF.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progres-
sive and fibrotic lung disease with an unknown cause
and insidious onset and lack of effective treatment [1,
2]. The median survival rate of IPF is only 2~5 vyears,
which seriously affects life quality of patients with high
mortality rate [3]. During normal lung injury repair,
activated interstitial fibroblasts/myofibroblasts deposit
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extracellular matrix (ECM) composed mainly of fibril-
lar collagen and fibronectin, forming a temporary matrix
that promotes proliferation and differentiation of type 2
alveolar epithelial cells (AEC2) progenitors to replenish
damaged and detached epithelium [4]. Abnormal prolif-
eration of myofibroblasts lead to increased stiffness and
altered mechanical properties of lung tissue [5], which
released profibrotic and proangiogenic signals [6]. Fur-
ther understanding of specific pathogenesis mechanism
of IPF is important in finding more rational treatment
modalities [7].

Lactate accumulation in IPF was observed due to the
prominence of metabolic disorders and mitochondrial
dysfunction [8-10]. Moreover, mitochondrial network
fragmentation led to a decrease in mitochondrial mem-
brane potential and an elevation in mitochondrial reac-
tive oxygen species (ROS) levels [11]. ROS were produced

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0001-5462-9689
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-05289-2&domain=pdf

Sun et al. Journal of Translational Medicine (2024) 22:479

through the partial reduction of molecular oxygen (O2)
and subsequent reactions with other molecules [12]. The
primary sources of ROS in mammalian cells included
mitochondrial electron transport chain, NOX enzymes,
and production of hydrogen peroxide (H,0O,) [13]. ROS
could contribute to progression of pulmonary fibrosis
through various mechanisms, including inflammation,
oxidative stress, and alterations in glucose metabolism
[14, 15]. However, the relationship between lactate and
ROS in pulmonary fibrosis had not been completely
elucidated.

DRP1 (dynamin-related protein 1, also known as
DNM1L) is the dynamin superfamily of GTPases, which
was involved in modulating mitochondrial morphology
[16]. Phosphorylation was one of the most well-studied
post-translational modifications (PTMs) of DRP1, with
the ability to either activate or inhibit its functions based
on the specific site that undergoes modification [17]. Sev-
eral phosphorylation sites had been identified, including
Ser579, Ser40, Ser585, Serd4, Ser592, Ser656, Ser616,
Ser637, and Ser693. Among these sites, Ser-616 and Ser-
637 had been extensively investigated [18]. Phosphoryla-
tion of DRP1 at Ser616 promotes mitochondrial division
[19], while phosphorylation of DRP1 at Ser637 hinders
mitochondprial fission [20].

Phosphorylation of Ser-616 was known to be cata-
lyzed by several proteins, including Rho-associated pro-
tein kinase (ROCK), PKCS9, cyclin-dependent kinase 1
(CDK1), ERK1/2, and calmodulin-dependent protein
kinase II (CaMKII) [11]. Recent research has shown that
the ERK-DRP1 axis was activated in various diseases,
including septic cardiomyopathy, malignant gliomas
and pulmonary arterial hypertension [21-23]. Following
phosphorylation by ERK, DRP1 translocated from the
cytoplasm to the outer mitochondrial membrane, where
it polymerized into a ring structure and underwent GTP-
dependent constriction, culminating in mitochondrial
division [24]. However, to date, it remains uncertain
whether lactate-induced proliferation/migration of pul-
monary fibroblasts entails Drpl-dependent mitochon-
drial fission, and the precise mechanisms contributing to
the exacerbation of pulmonary fibrosis remain elusive.

Pulmonary fibrosis originates from an inflammatory
response elicited by lung tissue damage, characterized
by the aggregation and activation of inflammatory cells
alongside the release of pro-inflammatory cytokines.
This process entails the sustained recruitment and acti-
vation of immune cells, fostering a chronic inflammatory
milieu that propels fibrotic progression [25]. Moreover,
the inflammatory mediators and cytokines liberated dur-
ing this cascade not only directly trigger fibroblast activa-
tion and collagen synthesis but also exert indirect effects
on the composition and architecture of the extracellular
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matrix, culminating in pulmonary tissue fibrosis and
scarring [26]. NF-kB is a transcription factor regulating
the expression of various genes, including inflammatory
cytokines, inflammatory mediators, cell adhesion mol-
ecules, among others. Its significance in the pathogenesis
and evolution of pulmonary fibrosis is paramount and
warrants meticulous consideration [27].

In this thesis, it was elucidated that lactate-induced
phosphorylation of ERK and DRP1 triggered mitochon-
drial fission, consequently leading to an increase in ROS
production. ROS was detrimental for the development
of bleomycin-induced pulmonary fibrosis, as reflected
through the activation of the NF-kB signaling pathway,
subsequently resulting in the transcription of key fac-
tors such as IL-1p and TNF-a, which promoted fibroblast
proliferation [26, 28-30]. In addition, there have been
articles reporting mitochondrial ROS are required for
hypoxic activation of P65 [31-33]. These findings could
provide valuable insights into the development of pulmo-
nary fibrosis and potentially uncovered targets for treat-
ing this condition.

Results

Lactate accumulation in pulmonary fibrosis was closely
related to ROS upregulation

Several studies had provided evidence that lactate played
a significant role in the development of pulmonary fibro-
sis [10, 34, 35]. To verify the exacerbating role of lactate
in pulmonary fibrosis, BLM-induced pulmonary fibrosis
mouse model was established (Fig. 1A). In this model,
sodium oxalate, a derivative of pyruvate, was added,
which could inhibit lactate accumulation by blocking gly-
colysis [36, 37]. In mice treated with BLM, lactate con-
centration in bronchoalveolar lavage fluid (BALF) were
reduced after treatment with sodium oxalate (Fig. 1B).
Besides, hydroxyproline content in lung tissue decreased
under sodium oxalate treatment (Fig. 1C). Lung struc-
ture appeared disordered according to HE staining, and
collagen deposition was observed in Masson staining.
However, the administration of sodium oxalate could
relieve lung injury and collagen deposition (Fig. 1D).
Additionally, COL1A1 mRNA decreased under sodium
oxalate treatment (Fig. 1E). Meanwhile, ROS levels were
increased in mice with pulmonary fibrosis, which were
reduced by sodium oxalate treatment (Fig. 1F). These
results indicated that the accumulation of lactate in
BLM-induced pulmonary fibrosis was accompanied by a
concurrent rise in ROS levels.

ROS inhibitors ameliorated TGF-B-induced activation

of fibroblasts in vitro

As a key metabolite in glycolysis, lactate had been clearly
elucidated to promote pulmonary fibrosis [38]. To further
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Fig. 1 Lactate accumulation in pulmonary fibrosis was closely related to ROS upregulation. A Mice were administrated with Bleomycin (2 U/

kg) or an equivalent volume (50 pL) of Sterile saline solution intratracheally. Daily intraperitoneal injections of sodium oxalate (25 mg/kg) were
administrated on days 7 to days 14. (n=>5/group) B Lactate content in broncho alveolar lavage fluid (BALF) were measured with Saline, Bleomycin
and Bleomycin + sodium oxalate. C Hydroxyproline assay of mice lung from Saline, Bleomycin and Bleomycin + sodium oxalate. D Lung sections
from mice with Masson’s trichrome staining and H&E staining. E COLTAT mRNA levels was measured by RT-gPCR. F ROS content was measured
in lung sections. *p <0.05, **p <0.01, **p <0.001 and p <0.0001, paired Student’s t-test comparing BLM group, BLM +sodium oxalate group

and control group. ##p < 0.01, paired Student’s t-test comparing between BLM group and BLM + sodium oxalate group

explore the connection between lactate and ROS, MRC5
cells were stimulated with lactate. Lactate increased ROS
as well as mitochondrial ROS levels as determined by
DCFH-DA and Mito SOX staining. Importantly, treat-
ment with HCL equivalent to lactate at the same con-
centration did not increase intracellular ROS levels
(Fig. 2A—C). Additionally, mRNA levels of SOD1, SOD2,

GPX1, GPX4 and CAT, which were main intracellular
ROS scavenging related genes, were decreased 24 h after
lactate stimulation of MRC5(Supplemental Figure S1).
Transforming Growth Factor-p1 (TGF-P1) was a piv-
otal fibrogenic growth factor [39]. Hence, we employed
TGEF-p as a stimulus to induce the differentiation of fibro-
blasts. Results displayed that elevation of COL1A1 and
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fibronectin protein induced by TGF-p stimulation were
effectively reversed in lung fibroblasts by the admin-
istration of Diphenyleneiodonium chloride (DPI) and
Mito-TEMPO(MT) (Fig. 2D, E), which was mitochon-
drial-targeted superoxide dismutase mimetic that scaven-
gers superoxide and alkyl radicals [40]. COL1A1 mRNA
expression was also reduced by DPI and MT (Fig. 2F).
Meanwhile, Primary mouse lung fibroblasts showed simi-
lar results when stimulated with DPI and MT (Supple-
mental Figure S2). The scratch test revealed that TGF-f
stimulation enhanced wound closure, whereas DPI and
MT reversed effect of TGF-p (Fig. 2G). The Transwell
results also demonstrated that MT and DPI effectively
inhibited fibroblast migration (Fig. 2I). The implication of
these findings suggested that presence of lactate triggered
production of ROS, ultimately influencing the develop-
ment of pulmonary fibrosis.

Lactate induced DRP1 activation and excessive
fragmentation of the mitochondrial network in lung
fibroblasts

Excessive mitochondrial network fragmentation and
alteration in mitochondrial dynamics may trigger mito-
chondrial dysfunction and ROS production. To vali-
date whether there were abnormalities in the structure
and function of mitochondria in pulmonary fibrosis, we
examined Dynamin-related protein 1 (DRP1), a key gene
responsible for regulating mitochondrial fission. The pro-
tein and mRNA levels of DRP1 displayed a significant up-
regulation in BLM-induced pulmonary fibrosis in mice,
as confirmed by immunohistochemistry, Western blot-
ting, and quantitative PCR (Fig. 3A—C). To explore the
relationship between lactate and mitochondrial morpho-
logical and function in lung fibrosis, we treated Human
lung fibroblast cell line (MRC5) and primary mouse
lung fibroblasts with lactate to explore the role of lac-
tate in inducing mitochondrial network fission in fibro-
blast. The results suggested DRP1%'® phosphorylation
was promoted by lactate treatment for 30 min (Fig. 3D,
E and Supplemental Figure S3). Yet, the treatment of lac-
tate for 12 h did not increase in DRP1 mRNA expression
(Supplemental Figure S4). JC-1 staining is used to detect
changes in mitochondrial membrane potential. At higher

(See figure on next page.)
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mitochondrial membrane potentials, JC-1 accumulates
within the matrix of mitochondria, forming J-aggregates,
generating red fluorescence. Conversely, at lower mito-
chondrial membrane potentials, JC-1 fails to aggregate
within the matrix of mitochondria, existing instead as
monomers, which generate green fluorescence [41]. The
results indicated a decrease in mitochondrial membrane
potential in MRC5 cells following lactate treatment.
(Fig. 3F). Fluorescence intensity analysis by a multifunc-
tional microplate reader showed similar results (Fig. 3G).
Moreover, mitochondrial morphology was observed by
performing confocal microscopy. Treatment with lactate
resulted in increased mitochondrial fragmentation and
formation of punctate mitochondria (Fig. 3H, I). These
results confirmed that accumulation of lactate could
impact both morphology and function of mitochondria
by triggering DRP1%¢1¢ phosphorylation.

p-DRP 1397 was activated by p-ERK1/2 and transferred

to mitochondria under exogenous lactate stimulation

Previous studies indicated that DRP1 mediated mito-
chondrial fragmentation was associated with ERK1/2.
To determined how lactate regulated DRP1-mediated
mitochondrial dynamics in fibroblast, phosphorylated
ERK1/2 was detected by immunoblotting (Fig. 3D).
Furthermore, in BLM-treated lung tissue immunohis-
tochemical p-DRP1%® and p-ERK1/2 staining was sig-
nificantly upregulated (Fig. 4A). In this scenario, ERK1/2
kinase inhibitor Ulixertinib was used to confirm the
effect of lactate on DRP1 phosphorylation. Western
blot has shown that inhibition of ERK1/2 blocked lac-
tate induced phosphorylation of Drp15¢~%1¢ (Fig. 4B).
Also, lactate-induced translocation of p-DRP1 in MRC5
as determined by colocalization of p-DRP1 with Mito
Tracker (Fig. 4C). To confirmed the function of Drpl
in mitochondrial network fragmentation in fibroblast,
MRCS5 was treated with lactate in the presence of Mdivi-
1, Blocking GmPPCP-dependent DRP1 self-assembly
[42]. Mdivi-1 treatment blocked lactate induced frag-
mentation of mitochondrial network in MRC5 (Fig. 3G).
In addition, Mdivi-1 blocked lactate induced translation
of DRP1 to mitochondrial (Fig. 4C). Also, MRC5s cell
treated with TGF-P exhibited significantly higher level

Fig. 2 ROS inhibitors ameliorated TGF-3-induced activation of fibroblasts in vitro. A-C Lactatae induced ROS production in MRC5 cells (n=3
per group) was determined by DCFH-DA and Mito SOX via Fluorescence microscopy and Multi Function Measuring Instrument, Mdivi-1

and Ulixertinib inhibited ROS production. D-F, The expression of COL1A1 and Fibronectin in fibroblasts increased after TGF-f stimulation,
and the addition of MT and DPI could block fibroblast activation marker expression, as measured by WB and gPCR. G, H TGF-{3 could promote
MRC5 migration which suppression by MT and DPI via Wound-Healing Assay. I, J MT and DPI could inhibit MRC5 infiltration induced by TGF-3
via Transwell. **p <0.01, ***p <0.001, ****p < 0.0001, paired Student’s t-test comparing to control group. # p < 0.05, ###p <0.001, ####p < 0.0001
comparing TGF-f3 group and TGF-3+MT group. &p <0.01 and &&&&p <0.0001 comparing TGF-B group and TGF-3+ DPI group
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of a-SMA, COL1A1, Fibronectin expression than Con-
trol group, but Mdivi-1 and Ulixertinib could decreased
expression of three markers of TGF-B-treated MRC5
cells (Fig. 4D, E). The detection of collagen expression
by qPCR showed similar results to protein expression
(Fig. 4F). The results obtained from qPCR and West-
ern blotting analyses in primary mouse lung fibroblasts
exhibited concordant content, reinforcing consistency of
the findings (Supplemental Figure S5). The scratch assay
additionally demonstrated that Mdivi-1 and Ulixertinib
could diminish closure of wounds (Fig. 4G, H). These
data showed that lactate had the ability to phosphoryl-
ate ERK and DRP1%!¢, which subsequently caused mito-
chondrial fission.

Lactate promoted nuclear translocation of P65

through ROS and contributed to the development

of pulmonary fibrosis.

To further investigate how lactate promotes fibroblast
activation, we examined the status of the NF-kB signal-
ing pathway. It is known that the transcription of P65
is necessary for the expression of fibrosis-related mark-
ers [43-45], and P65 is a transcription factor activated
downstream of ROS [46].

Therefore, following a half-hour stimulation of fibro-
blasts with lactate, cytoplasmic content of P65 decreased,
while its nuclear content increased (Fig. 5A). Simultane-
ously, these findings from confocal microscopy revealed
that lactate facilitated P65 translocation into nucleus.
However, the effects of lactate were counteracted by MT
and DPI (Fig. 5B). More specifically, Lactate promoted
phosphorylation of IKK, IKBa and P65, which could
be reversed by mtROS inhibitor (Fig. 5C). These results
showed lactate activated P65 by increasing mtROS,
which in turn caused expression of downstream related
genes. Subsequently, lentivirus expression system was
utilized to stably knockdown P65 in MRC5 cells, and
SH-P65#1, which exhibited a more pronounced knock-
down effect, was chosen for further experiments (Sup-
plemental Figure S6). Knockdown of P65 resulted in
reduced levels of COL1A1 and a-SMA proteins (Fig. 5D,
E). These charts showed that ROS could promote translo-
cation of P65 into nucleus, thereby regulating expression

(See figure on next page.)
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of downstream genes and contributing to exacerbation of
pulmonary fibrosis pathogenesis ultimately.

Inhibitors targeting ERK1/2, DRP1, and mtROS exhibited
alleviated BLM-induced mouse pulmonary fibrosis

To explore the effect of abnormal mitochondrial fission
on BLM-induced fibrosis in mice, we intraperitoneally
injected Ulixertinib, Mdivi-1, Mito-TEMPO, respectively,
one week after BLM administration (Fig. 6A). The treat-
ment with the three inhibitors, Ulixertinib, Mdivi-1, and
Mito-TEMPO, significantly reduced the hydroxyproline
content in fibrotic mice lungs. (Fig. 6B). The Micro-CT
imaging results indicated an increase in localized lung
density within BLM group, signifying an expansion of
the parenchymal area (manifested by an increased pres-
ence of white areas in the images), while treatment with
Ulixertinib, Mdivi-1, and Mito-TEMPO reduced lung
fibrotic regions (Fig. 6C). Pathological staining results
indicated that Ulixertinib, Mdivi-1, Mito-TEMPO ame-
liorated Bleomycin-induced lung structural disorders and
collagen deposition (Fig. 6D). Expression of COL1Aland
a-SMA mRNA was reduced after inhibitors treatment
(Fig. 6E). These dates demonstrated inhibition of ERK-
DRP1-mediated mitochondrial fission ameliorated BLM-
induced pulmonary fibrosis.

Discussion
IPF was a progressive, irreversible interstitial lung dis-
ease with complex pathogenic factors, high mortality,
and currently no effective treatment [47]. Whenever
IPF occurs, it was commonly accompanied by lactate
accumulation and production of reactive oxygen species
(ROS) [48, 49]. The relationship between these two fac-
tors has been a subject of great interest and discussion
among researchers [50, 51]. This article focused primar-
ily on the changes of fibroblasts in a pulmonary fibrosis
model. The research indicated that lactate promoted the
activation of fibroblasts as well as the generation of ROS.
However, different cell types played an important role in
pulmonary fibrosis, and further exploration of other cell
types was also urgently needed.

Lactate is generated from pyruvate, the end product
of glycolysis, catalyzed by LDHA, thereby regulating
intracellular pH and sustaining energy metabolism [52].

Fig. 3 Lactate induced DRP1 activation and excessive fragmentation of the mitochondrial network in lung fibroblasts. A The results of IHC staining
of DRP1 in saline group and BLM group. B, C DRP1 protein levels were measured in n saline group and BLM group by WB and qPCR. D, E p-DRP15°'®
and p-ERK1/2 were detected by WB. F, G JC-1 staining in MRC5 treated with lactate, lactate + Mdivi-1 and lactate + Ulixertinib. H, I Mitochondrial
network in MRC5 was analyzed by Mito Tracker staining. **p <0.01, ***p <0.001 and ****p < 0.0001, paired Student’s t-test comparing to control
group. #p <0.05 and #i##p < 0.001, comparing lactate group and Lactate +Mdivi-1 group. & < 0.05 and &&p < 0.01, comparing lactate group

and lactate + Ulixertinib group
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Targeted LDHA inhibitors, such as Sodium Oxamate
and Gossypol, have been extensively reported in numer-
ous studies and have shown significant efficacy in ani-
mal models of various diseases [53-56]. These research
findings suggested that targeting the LDHA-mediated
pathway offered a novel approach to combat pulmonary
fibrosis and halt disease progression. Previous research
demonstrated that the glycolysis inhibitor 2-deoxy-
D-glucose (2-DG) could decrease lactate levels in fibrotic
lungs and significantly improved bleomycin-induced pul-
monary fibrosis in mice. These findings highlighted other
metabolites also played crucial roles in disease progres-
sion. Additionally, our team had been focusing on the
roles of lactate and glycolytic intermediates in disease.
We planned to continue investigating this issue in our
future studies. Furthermore, recognizing the complex-
ity of IPF pathogenesis is essential, as targeting a single
enzyme or pathway may not be sufficient to fully address
the underlying disease pathology. Although lactate dehy-
drogenase inhibitors show promise in preclinical stud-
ies, careful evaluation of drug safety and efficacy remains
essential.

It has been reported that inhibiting MCT4 expression
resulted in an increase in intracellular lactate concentra-
tion and levels of ROS. Metabolic processes occurring
within mitochondria were widely recognized as major
contributors to production of ROS, which showed a well-
established function in cell signaling [57]. This study
demonstrated that lactate promoted mitochondrial fis-
sion, leading to an increase in mitochondrial ROS levels.
However, the roles of intracellular and extracellular lac-
tate in inducing ROS production required further inves-
tigation. And targeting lactate emerged as a potential
therapeutic strategy for pulmonary fibrosis in forthcom-
ing interventions.

Mdivi-1 is a small molecule inhibitor targeting DRP1,
which has been demonstrated to inhibit apoptosis in
ischemic retinal cells and chondrocytes [58, 59]. The
ERK1/2 inhibitor Ulixertinib demonstrates anti-prolif-
erative efficacy in Pediatric Low-Grade Gliomas (pLGG)
and holds substantial clinical potential [60]. This study
demonstrated that lactate activated ERK1/2, resulted
in the phosphorylation of DRP1%'¢, which enhanced

(See figure on next page.)
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mitochondrial abnormal fission and disrupted mito-
chondrial membrane potential, leading to mtROS eleva-
tion. The interventions with Mdivi-1 and Ulixertinib had
reversed adverse process, alleviating pulmonary fibrosis.
GPR8I is a specific receptor for lactate, and its activation
inhibited adenylate cyclase activity and cAMP formation.
Importantly, cAMP has been reported to inhibit RAF1/
MEK/ERK signaling [61]. This might be one of the rea-
sons why lactate promoted ERK1/2 phosphorylation.
Nevertheless, it required further investigation to deter-
mine whether lactate could induce DRP1%°'® phosphoryl-
ation in pulmonary fibrosis through other mechanisms.

Numerous studies had shown that under oxidative
stress conditions, excessive ROS could destroy cellular
proteins, lipids and DNA, leading to fatal cell damage,
which was involved in a variety of pathologies, such as
aging, cancer, neurodegenerative diseases, cardiovascular
diseases and diabetes, among others [62—-65]. Physiologi-
cal role of ROS is mainly based on its ability to regulate
multiple signaling pathways, including NF-kB, MAPK,
p53, Keapl-Nrf2 and PISK/AKT [66]. Therefore, the
mechanism of ROS affecting pulmonary fibrosis needs to
be further explored.

Mitochondrial ROS (mtROS) production was increased
by a high mitochondrial transmembrane potential (AY),
which acted as an energy barrier for electron transport
[67]. Mito-TEMPO was a mitochondria-targeted super-
oxide dismutase mimic and antioxidant. In mammalian
systems, Mito-TEMPO effectively mitigated oxidative
stress-induced mitochondrial structural abnormalities by
scavenging mitochondria-derived superoxide [68]. This
article mainly investigated the role of lactate in exacer-
bation of pulmonary fibrosis by inducing mitochondrial
ROS production. Mito-TEMPO treatment inhibited
TGEF-B-induced fibroblast differentiation and attenuated
bleomycin-induced pulmonary fibrosis. Yet, the article
did not address whether ROS from other sources were
also affected by lactate. For example, NOX4, the major
enzymatic source of ROS production by myofibro-
blasts and NOX2, which plays an vital role in the innate
immune response [69, 70]. Therefore, the relationship
between lactate and ROS from other sources needs to be
further investigated.

Fig. 4 p-DRP-1°° was activated by p-ERK1/2 and transferred to mitochondria under exogenous lactate stimulation. A p-DRP1 and p-ERK1/2
protein expression in mice with saline and BLM group was determined by IHC staining. B p-DRP1 and p-ERK1/2 was determined

by immunoblotting with Control group, Lactate group, lactate + Ulixertinib group and lactate + Mdivi-1 group. C Localization of p-DRP1(green)

and mitochondria (red) was determined by immunocytochemistry. D-F Fibronectin COLTA1 and a-SMA was confirmed by Western blotting

and RT-gPCR with Control group, Lactate group, lactate + Mdivi-1 group and lactate + Ulixertinib group. G, H Mdivi-1 and DPI Ulixertinib could
inhibit MRC5 infiltration induced by TGF-f via Transwell. **p < 0.01 and ****p < 0.0001, paired Student’s t-test comparing to control group. ##p <0.01,
#i#t#p <0.001 and ####tp < 0.0001, comparing TGF-3 group and TGF-3 4+ Mdivi-1 group. & &&p <0.001 and &&&&p < 0.0001, comparing TGF-B group

and TGF-B + Ulixertinib group
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translocation assessed by immunofluorescence staining in HMCC97H cells with control group, lactate group, lactate + MT group and lactate + DPI
group. € phosphorylation of NK-kB signaling components in MRC5 with control group, lactate group, lactate +MT group was determined

by Immunoblotting. D, E COLTAT and a-SMA was tested by Western blotting through SH-P65. *p < 0.05, **p <0.01 and ***p <0.001, paired Student’s
t-test comparing to control group. ##p < 0.01 and ##i##p < 0.0001, comparing TGF-3 group and TGF- + SH-P65 group

In the process of pulmonary fibrosis, the P65 com-
ponent within the NF-kB complex played a significant
role, with its activity and regulation affecting the occur-
rence and development of pathological processes such
as inflammation and fibrosis [71]. Nevertheless, the
influence of P65 extends beyond boundaries of immune
responses, encompassing transcriptional regulation that

(See figure on next page.)

impacts cell survival, differentiation, and proliferation
[72]. In this study, it was found that lactate caused P65
translocation to nucleus, thereby influencing expres-
sion of various P65 downstream genes. These genes
included hypoxia-inducible factors, inflammation-related
genes, and pro-vascular endothelial growth factors [29,
73], which respond to lactate induction need further

Fig. 6 Inhibitors targeting ERK1/2, DRP1, and mtROS exhibited alleviated BLM-induced mouse pulmonary fibrosis. A The construction

of BLM-induced pulmonary fibrosis mouse models for Mito-TEMPO, Mdivi-1 and Ulixertinib. B Mito-TEMPO, Mdivi-1 and Ulixertinib blunts
established fibrosis in mouse model. C Different groups with radiographic features as determined by micro-computed tomography (micro-ct),
healthy lungs are black and diseased lungs are increasingly white (elevated density). D Masson'’s trichrome staining an H&E staining were performed
on representative lung sections (n =3) obtained from each experimental group of mice. E gPCR results showed changes in COLTAT and a-SMA
mMRMA expression after inhibitor treatment. ***p < 0.001, paired Student’s t-test comparing to control group. #p < 0.05 and ##p <0.01, comparing
TGF-B group and TGF-B+MT group. &p < 0.05, comparing TGF-B group and TGF-3 + Mdivi-1 group. Ap <0.05 and AMp<0.01, comparing TGF-3

group and TGF-B + Ulixertinib group
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validation. Treatment with MT, a specific inhibitor of
mitochondrial ROS, inhibited P65 activation while also
ameliorated pulmonary fibrosis. Hence, considering
ERK-DRP1 aix and mitochondrial ROS as targets could
serve as a therapeutic approach for pulmonary fibrosis.

Conclusion

Overall, lactate contributed to mitochondrial fragmen-
tation through ERK1/2-DRP1 axis, leading to ROS gen-
eration and subsequent P65 activation, which further
aggravated pulmonary fibrosis. Administering inhibitors
of ERK1/2 and DRP1%%® phosphorylation resulted in a
decrease in generation of ROS. Moreover, use of Mdivi-
1, Ulixertinib, and Mito-TEMPO successfully reversed
pulmonary fibrosis induced by BLM in mice. These find-
ings suggested that the involvement of ERK1/2-DRP1 in
mitochondrial fission and generation of ROS were cru-
cial steps in the progression of pulmonary fibrosis. This
understanding of the mechanism opens up new possibili-
ties for the treatment of idiopathic pulmonary fibrosis.

Materials and methods

Reagent and antibody

Lactate was obtained from Sigma (St. Louis, MO, USA),
Antibody against DRP1(#8570), p-DRP1%°6(#3455),
p-IkB-alpha(#2859S), p-P65(#3033S) and P65(#8242)
were purchased from Cell Signaling Technology
(Boston, MO, USA). Antibody against fibronectin
(#15,613—-1-AP) and COL1A1(67,288-1-Ig) were pur-
chased from Proteintech (Wuhan, China). Antibody
against IKB(#AF5002), IKK(#AF6014), p-IKK(AF3013),
ERK(#AF0155), p-ERK(#AF1015), p-Actin(#AF7018)
and GAPDH(#AF7021) were purchased from Affinity
(Changzhou, China).

Cell culture

Human embryonic lung fibroblast MRC5 cell line was
purchased the Type Culture Collection of the China
Academy of Sciences, Shanghai, China. MRC5 was
maintained at 37 C in MEM supplemented with 10%
fetal bovine serum and 100 U/ml penicillin and 100 pg/
ml streptomycin in a humidified atmosphere of 5% CO,.
Cells were used up to the fifth passage and were seeded
onto different types of plates for further experiments
once they reached approximately 75% of the desired cell
density.

Fibrotic model was created in vitro by utilizing 10 ng/
mL TGF-B (Novoprotein, Shanghai, China). The cells
were pretreated with 10 mM lactate, 10 pM Mdivi-1,
20 puM Ulixertinib, 20 nM Mito-TEMPO and 10 pM DP],
all of which purchased from MedchemExpression ((New
Jersey, USA).

Page 12 of 15

Mouse primary lung fibroblast extraction

All animal experiments in this manuscript were approved
by the Biology Academic Committee of Hehe Normal
University.

Mouse lungs were removed under aseptic condi-
tions and placed in Hanks solution, and lung tissue was
minced and digested with 0.25% trypsin for 40 min. The
cell suspension was centrifuged at 1500 r/min for 5 min
to allow for sedimentation. The resulting precipitate was
resuspended in DMEM medium for a heavy suspension,
followed by centrifugation at 800 r/min for 5 min. After-
ward, the supernatant was further centrifuged at 1500 r/
min for 5 min, resulting in purified lung fibroblasts.

Quantitative real-time PCR

Total RNA was extracted from tissues and cells using
TRIzol reagent in accordance with the manufacturer’s
instructions. The extracted RNA samples were then
reverse transcribed into complementary DNA (cDNA)
using the HiScript II Reverse Transcriptase (Vazyme,
Nanjing, China). The expression of genes of interest was
quantified using qPCR with Hieff qPCR SYBR Green
Master Mix (Yeasen Biotechnology, Shanghai, China).
The housekeeping gene ACTB was used as an internal
control. The relative mRNA expression levels were deter-
mined using the Livak method. The primers used for RT-
qPCR were synthesized by Sangon Biotech. The primers
required for qPCR were shown in Table 1.

Immunofluorescence

The cells were attached to glass coverslips by using 4%
paraformaldehyde, rinsed with PBS, and subsequently
permeabilized with 0.1% Triton X-100 for 10 min. Sam-
ples at room temperature were treated with h 5% bovine
serum albumin in PBS to block non-specific binding for
1 h. Cells were incubated with anti-p-DRP1(S616) for
overnight 4 °C. The specific secondary antibody, conju-
gated with GFP fluorochrome (Invitrogen, Carlsbad, CA),
was incubated at room temperature for 1 h in the dark.
After PBS washes, the nuclei were stained with DAPIL
Images were captured using an optical microscope.

Determination of mitochondrial network fragmentation

Cultivate MRC5 cells on coverslips in a 24-well plate,
followed by overnight incubation. Upon cell adhesion,
treat the cells with lactate, Mdivi-1, and Ulixertinib. Sub-
sequently, stain the cells with the mitochondria-specific
fluorescent probe MitoTracker Deep Red (100 nM, pur-
chased from Beyotime) for 30 min. Conduct a 10-min
treatment of MRC5 cells with 0.1% Triton X-100, fol-
lowed by DAPI restaining to label cell nuclei. Finally, fix
the coverslips onto glass slides and capture images using
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Table 1. Primer Sequence

Gene Sence (5'-3") Anti-sense (5'-3’)
Human-COL1A1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
Mouse-COL1A1 GCTCCTCTTAGGGGCCACT ATTGGGGACCCTTAGGCCAT
Human-SOD1 CTCACTCTCAGGAGACCATTGC CCACAAGCCAAACGACTTCCAG
Human-S0D2 CTGGACAAACCTCAGCCCTAAC AACCTGAGCCTTGGACACCAAC
Human-GPX1 GTGCTCGGCTTCCCGTGCAAC CTCGAAGAGCATGAAGTTGGGC
Human-GPX4 ACAAGAACGGCTGCGTGGTGAA GCCACACACTTGTGGAGCTAGA
Human-CAT GTGCGGAGATTCAACACTGCCA CGGCAATGTTCTCACACAGACG
Human-DNM1L GATGCCATAGTTGAAGTGGTGAC CCACAAGCATCAGCAAAGTCTGG
Mouse-DNM1L GCFGAACCTTAGAATCTGTGGACC CAGGCACAAATAAAGCAGGACGG

Mouse-ACTA2

GTCCCAGACATCAGGGAGTAA

TCGGATACTTCAGCGTCAGGA

confocal microscopy. Perform quantitative analysis of the
mitochondrial network using the MiNA plugin in Image].

Western blotting

Proteins were obtained from tissue and cells using RIPA
buffer and concentration were measured by a bicin-
choninic acid assay Kit. Protein lysates, ranging from 20
to 50 pg, were separated on SDS—polyacrylamide gels
with a concentration of 10 to 15%. After electrophore-
sis, the proteins were transferred to polyvinylidene diflu-
roride membranes (Millipore, Billerica, MA, USA), and
then blocked with 5% BSA at room temperature for 1 h.
The membranes were incubated overnight at 4 °C with
specific primary antibodies previously described. -actin
was used as the internal control. The membranes were
then rinsed with TBST buffer and treated with HRP-con-
jugated secondary antibodies for 2 h at room tempera-
ture. After three washes of TBST buffer, protein bands
were visualized Odyssey® XF Imaging System.

H&E staining

Ex vivo fresh lung tissue was fixed with 4% paraform-
aldehyde for 24 h at room temperature, then embed-
ded in paraffin and cut into 5 pm sections by a rotary
microtome. The dried sections were deparaffinized, rehy-
drated, and then stained with hematoxylin and eosin. The
images were captured using a light microscope. Scores
were assessed by a pathologist on the basis of the integ-
rity of lung tissue, alveoli, and the extent of mononuclear
infiltration.

Masson'’s trichrome staining

After deparaffinization and rehydration, sections were
stained with Weigert iron hematoxylin staining solu-
tion for 5-10 min. After washing with water, sections

were stained with Ponceau fuchsin staining solution for
5-10 min. Finally, sections were stained with aniline blue
staining solution for 1-2 min.

Immunohistochemistry

Paraffin sections were stained with antibodies against
DRP1, p-DRPI, p-ERK1/2 and passed overnight at 4 C.
After incubation with the secondary antibody, it was
detected by the diamine benzidine method. After the
nuclei were stained with hematoxylin, the images were
presented by light microscopy.

Total ROS and mitochondrial ROS (mtROS) detection
Intracellular ROS levels were measured by incubation
with DCFH-DA (Beyotime, shanghai, China) at 37 °C
for 30 min. mtROS were detected after incubation with
mitoSOX Red (Thermofisher, USA) at 37 °C for 30 min.

Cell transfection

For the stable P65 knockdown cell line, the p65 shRNA
fragment was cloned into PLKO.1, and then transfected
into 293 T cells together with pmd2G and pspax2 to
package the complete virus. Finally, the virus was used to
infect normal cells.

Statistical analysis

All data were analyzed and presented as graphs using
Graphpad Prim 8 (GraphPad Software, La Jolla, CA,
USA). The data were presented as mean + standard devia-
tion (SD). All the data met the assumption of normal dis-
tribution. For comparisons between two groups, we used
the two-tailed Student’s t-test. Comparisons among three
or more groups were conducted using one-way analysis
of variance (ANOVA) followed by Tukey’s test. A p-value
less than 0.05 was considered statistically significant.
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