Qui et al. Journal of Translational Medicine (2023) 21:365 J ourna | Of
https://doi.org/10.1186/512967-023-04241-0 X L.
Translational Medicine

. . ®
Mitochondrial folate pathway regulates Rl

myofibroblast differentiation and silica-induced
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Abstract

Background Silica-induced pulmonary fibrosis (silicosis) is a diffuse interstitial fibrotic disease characterized by the
massive deposition of extracellular matrix in lung tissue. Fibroblast to myofibroblast differentiation is crucial for the
disease progression. Inhibiting myofibroblast differentiation may be an effective way for pulmonary fibrosis treatment.

Methods The experiments were conducted in TGF- treated human lung fibroblasts to induce myofibroblast differ-
entiation in vitro and silica treated mice to induce pulmonary fibrosis in vivo.

Results By quantitative mass spectrometry, we revealed that proteins involved in mitochondrial folate metabolism
were specifically upregulated during myofibroblast differentiation following TGF-3 stimulation. The expression level of
proteins in mitochondrial folate pathway, MTHFD2 and SLC25A32, negatively regulated myofibroblast differentiation.
Moreover, plasma folate concentration was significantly reduced in patients and mice with silicosis. Folate supple-
mentation elevated the expression of MTHFD2 and SLC25A32, alleviated oxidative stress and effectively suppressed
myofibroblast differentiation and silica-induced pulmonary fibrosis in mice.

Conclusion Our study suggests that mitochondrial folate pathway regulates myofibroblast differentiation and could
serve as a potential target for ameliorating silica-induced pulmonary fibrosis.
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Background

Silicosis is a pulmonary interstitial disease distinguished
by chronic fibrosis development and accompanied by
progressive pulmonary dysfunction without curative
therapy [1-3]. A typical pathological feature of this pro-
gressive pulmonary fibrosis is the activation and per-
sistence of myofibroblasts, which are mainly derived
from lung fibroblasts under TGF-$ stimulation [4-9].
Myofibroblasts are characterized by high expression of
alpha smooth muscle actin (a-SMA), strong contrac-
tion and migration capabilities, and secretion of large
amounts of extracellular matrix (ECM) with typical con-
tents like fibronectin 1 (FN1) and collagen type I alpha
1 (COL1A1) [10-12]. Myofibroblasts play pivotal roles
in fibrosis and have been regarded as potential target for
developing effective therapeutic strategies to treat lung
fibrosis [13, 14]. To meet the energy demands during
myofibroblast differentiation, mitochondrial biogenesis
is stimulated and metabolic processes are reprogrammed
to enhance cellular ATP production to meet the ener-
getic demands [15-17]. While producing vast majority
of cellular ATP, mitochondria also function as a major
site to generate reactive oxygen species (ROS) [18, 19].
Although low level of ROS plays important roles as ‘phys-
iological necessity’ to regulate a wide range of critical cel-
lular events [20, 21], oxidative stress caused by excessive
amounts of ROS are detrimental and can promote myofi-
broblast differentiation and pulmonary fibrosis [22—25].
To antagonize oxidative stress, antioxidant enzymatic
systems, including superoxide dismutases, catalase, glu-
tathione peroxidases and peroxiredoxins, have been
developed during evolution to fine tune the intracellular
redox balance [26, 27]. Moreover, small molecules such
as reduced glutathione and NADPH continuously fuel
reducing power to ensure the recycling of antioxidant
enzymes in redox homeostasis.

The regeneration of cytosolic NADPH from NADP*
relies primarily on the oxidative pentose phosphate path-
way. Recently, folate mediated one-carbon (1C) metabo-
lism has been reported as another important source for
NADPH production [28, 29]. Folate metabolism occurs
mainly in cytosol and mitochondria (Fig. 1A). After
being transported into cell, folic acid is converted via
dihydrofolate reductase (DHFR) to its reduced form tet-
rahydrofolate (THF), which is imported into mitochon-
drial matrix via mitochondrial folate carrier encoded
by SLC25A32 [30, 31]. The THF accepts the 1C unit
from serine under the reaction of mitochondrial serine
hydroxymethyltransferase 2 (SHMT2) to produce glycine
and 5,10-methylene-tetrahydrofolate (5,10-methylene-
THEF). 5,10-Methylene-THF is subsequently oxidized to
10-formyl-THF while generating NADPH via methylene-
tetrahydrofolate dehydrogenase 2 (MTHFD2) [32]. The
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1C unit of 10-formyl-THF has three possible fates. It can
be released as CO, while generating NADPH by 10-for-
myl-THF dehydrogenase (ALDH1L2); it can be used to
formylate mitochondrial methionyl-tRNA to produce
N-formylmethionine-tRNA (fMet-tRNA) for translation
initiation; under the reaction of MTHFD1L, it is metabo-
lized to formate, which can be exported into cytosol for
the synthesis of purine and thymidylate as well as for
homocysteine remethylation. Folate metabolism plays
important roles in development and cancer, but how it
regulates myofibroblast differentiation and silica-induced
lung fibrosis remains unclear [33, 34].

In this study, by quantitative mass spectrometry, we
revealed that proteins involved in mitochondrial folate
metabolism were specifically upregulated during myofi-
broblast formation following TGF-f stimulation. Impair-
ing the expression of mitochondrial folate metabolic
protein MTHFD2 or SLC25A32 promoted myofibro-
blast differentiation, while its overexpression suppressed
this process. Moreover, we observed that plasma folate
concentration was significantly reduced in patients and
mice with silicosis. Folate supplementation elevated the
expression of MTHFD2 and SLC25A32, alleviated oxi-
dative stress and effectively suppressed myofibroblast
formation and silica-induced pulmonary fibrosis in
mice. Together, our study suggests for the first time that
mitochondrial folate pathway regulates myofibroblast
differentiation and could serve as a potential target for
ameliorating silica-induced pulmonary fibrosis.

Methods

Cell culture and transfection

Human lung fibroblast MRC-5 (National Collection of
Authenticated Cell Cultures, GNHu41, passage 22-36)
was cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Solarbio, 11995) supplemented with 10%
fetal bovine serum (FBS) (Hyclone, SV30087.03) and 1%
sodium pyruvate (Solarbio, P8380) at 37 °C with 5% CO,.
MCR-5 was stimulated with 5 ng/mL TGF-B1 (PEPRO-
TECH, 100-21) for 48 h to induce fibroblast transdiffer-
entiation with or without 50 pM 5-methyltetrahydrofolic
acid (5-mTHF, MedChemExpress, 31690-09-2) pretreat-
ment for 12 h unless otherwise specified. The siRNA
duplexes for MTHFD2, SLC25A32 and negative con-
trol were obtained from GenePharma (Additional file 7:
Table S1) and were transfected at the final concentration
15 nM by Lipofectamine RNAIMAX (Thermo Fisher,
13,778,030) according to the manufacturer’s instructions.
Expression plasmids for MTHFD2, SLC25A32 and nega-
tive control were obtained from Genechem and verified
by sequencing. Plasmids of 4 pg per well of 6-well plate
were transfected by Lipofectamine 3000 (Thermo Fisher,
L3000008) according to the manufacturer’s instructions.



Qu et al. Journal of Translational Medicine (2023) 21:365 Page 3 of 12

A B C

/ D Cytosol Mitochondrion
Sf:;;?—lSLCWMI_—.THF SLC25A32— THF <
| Serine——Serine | 5 of SLC25A32
[ sHMT1 | [(sHmT2 | 24h 48h 72h <38 2
510 ClH\ ?‘pr‘"e —* Glycine./ | Ctrl  TGF-B1 Ctrl TGF-B1 Ctrl TGF-B1 kDa & .’
,10-CH,- 5,10-CH,-THF s .
NADPY | | NAD(P)" a-SMA B =2 <R e )
fM/"l'F‘“ﬁ W"R”: T g 2 Not ehanged (Mite)
NADPH NADPH - a2 Non-Mito.
o
NAD(P)jO-FormyI»THF «—— 10-Formyl-THF /NAD(P). GAPDH | " s s g —— 1
|/ . =
ALDH1L1 [ MTHFD1) [MTHFD1L) ALDH1L2 1 2 3 4 5 6
naopir/ THE] e NADPH o
QO; Formate v—t Formate Coj/ 1 [) 1 2
Log2 (TGF-B1/Ctrl)
Ctrl TGF-B1 E SLC25A32 MTHFD2
Rep.1 Rep.2 Rep.3 Rep.l Rep.2 Rep.3 2 . « _ 20 *
sic2sasz i, =y g g
I S L L
o . 2 4
B TVMBA o g o £ 10 € 10
- cPT2 ) 2 : !
NBR1 03 Y g e
e MICOS10 | -1 Y 5 & o
== LACTB 2 K
= ALDH2
TXNRD1 20 0.0
SQOR G N ctrl  TGF-1 ctrl  TGF-p1
- © NIPSNAP3A )
SLC25A29
CAT a-SMA/FN1/DNA Tom20/MTHFD2/DNA
PHYH
SPR
I BPHL
| HTATIP2 = =
|| ECH1 & S
I ACSF2
STOM
| ] SDHAF2
- | ACSS3
SPATA20
| SoD2 o -
[ ALDH6A1 Q. @
HEBP1 o] ‘G
FTH1 = ~ 5
| | MGARP
ctl TGF-B1 \p, Sle25a32
o °
. -Lmo $ 2
(55 = >
- | < <
o — S :
‘ E10 £
MTHFD2
E—ss 2 2
Txo 50 g
GAPDH | S E E
0.0

1 2 el silica ctrl

Fig. 1 Mitochondrial folate pathway is involved in myofibroblast differentiation and silica-induced pulmonary fibrosis. A Schematic diagram of
folate metabolism. Proteins with blue frame were detected by mass spectrometry. Proteins highlighted in red were upregulated. B Lysates from
MRC-5 cells treated with or without TGF-31 for different time were analyzed by western blotting with indicated antibodies. C Volcano plot of
proteins quantified by mass spectrometry following TGF-B1 treatment for 48 h. Mitochondrial proteins were highlighted with indicated color. D
Heatmap of differentially expressed mitochondrial proteins detected by mass spectrometry. E Relative abundance of proteins involved in cytosolic
and mitochondrial folate pathway detected by mass spectrometry. Proteins highlighted in red were above the upregulation threshold dash line. F
SLC25A32 and MTHFD2 expression levels in MRC-5 with or without TGF-31 treatment for 48 h were determined by RT-qPCR. Results are expressed
as mean=+SD, n=3, * represents P < 0.05. G, H Immunofluorescence of MRC-5 cells with indicated antibodies following TGF-f3 treatment for 48 h.
Scale bar=20 um. I Western blotting of MRC-5 cells with indicated antibodies following TGF-{3 treatment for 48 h. J Slc25a32 and Mthfd2 expression
levels in normal and fibrotic lung tissue of mice were determined by RT-gPCR. Results are expressed as mean £ SD, n=4, * represents P < 0.05. K
Immunohistochemical staining of MTHFD2 in normal and silica induced fibrotic lung tissue of mice. Scale bar=50 um

Silica

Mouse model for silicosis new laboratory environment for 1-2 weeks and then
All mice experiments were approved by Zhengzhou Uni-  were randomly assigned to receive a single dose intratra-
versity Animal Policy and Welfare Committee and were  cheal instillation with 100 pL 50 mg/mL silica suspen-
performed according to relevant guidelines. C57BL/6N  sion (Sigma-Aldrich, S5639) or saline as control for four
male mice (5—6 weeks after birth) were purchased from  weeks before sacrifice. For the folic acid treatment, mice
Charles River Laboratories. Mice were acclimated to the  were supplemented with 20 pg/mL folic acid (BBI Life
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Science, A610466-0025) or dimethyl sulfoxide (DMSO)
as control in drinking water one week before silica instil-
lation [35].

Analysis of plasma folate concentration

Fasting peripheral blood samples were collected from
male silicosis patients (n=18, average age: 69.29+8.79)
and healthy control (n=29, average age: 69.62+8.88).
Informed consents were obtained from all participants.
The study was approved by the Human Research Ethics
Committee of Zhengzhou University. The fasting periph-
eral blood stood at room temperature for 30 min followed
by centrifugation at 3000 rpm for 10 min, and the upper
plasma was carefully collected for folate concentration
analysis by ELISA (Elabscience, E-EL-0009¢) according to
the manufacturer’s instructions. Folate concentration in
mouse plasma was measured in the same way.

Histologic analysis of lung sections

Mice lung tissue was fixed in 4% paraformaldehyde for
more than 24 h and embedded in paraffin. The paraffin-
embedded samples were frozen at —20 °C and cut into
slices with a thickness of 4 um, then dried in the oven at
60 °C and stored at room temperature. Tissue sections
were stained with H&E, Masson’s trichrome or antibod-
ies against MTHFD2 (Proteintech, 12270-1-AP), FN1
(Servivebio, GB114491), COL1A1(Servivebio, GB11022-
3) or a-SMA (Servivebio, GB111364). Images were
obtained using a Pannoramic MIDI slice digital scanner.

Western blotting

Proteins from MRC-5 cells were extracted by RIPA buffer
(50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS) supplemented with
1 mM PMSF (Dingguo, WB-0072) and protein concentra-
tion was measured by BCA protein assay kit (BOSTER,
AR0146). Protein samples were separated by SDS-PAGE,
transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Millipore, ISEQ00010) and detected with pri-
mary antibodies against GAPDH (CST, D16H11), a-SMA
(Servivebio, GB111364), FN1 (Proteintech, 15613-1-AP),
COL1A1 (Abcam, ab260043) or MTHFD2 (Proteintech,
12270-1-AP). Membranes were subsequently incubated
with horseradish peroxidase-conjugated secondary anti-
bodies (CST, 7074) and developed with ECL lumines-
cence reagent (Absin, abs920).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde, per-
meabilized with 0.1% Triton X-100, incubated with
primary antibodies against FN1 (Proteintech, 15613-
1-AP), a-SMA (Servicebio, GB111364), Tom20 (SCBT,
sc-17764), MTHFD2 (Proteintech, 12270-1-AP) or
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anti-DNA (Progen, 61014) and subsequently detected
by the fluorophore-labeled secondary antibodies (Inv-
itrogen, A11034 or A21236). To detect mitochondrial
membrane potential, cells were incubated with 100 nM
MitoTracker-Red (Invitrogen, M7512) for 30 min before
fixation. Nuclear DNA was stained by Hoechst 33258
(Sigma-Aldrich, 14530).

Real-time quantitative polymerase chain reaction
(RT-gPCR)

RNAiso Plus reagent (Takara, 9109) was used to extract
total RNA from cultured cells and lung tissue. DNase
(Takara, RR047A) was added to eliminate genomic DNA
contamination, and ¢cDNA was synthesized using the
reverse transcription kit (Takara, RR047A). The primers
for polymerase chain reaction (PCR) were listed in Addi-
tional file 7: Table S1. Diluted cDNA templates were then
used for RT-qPCR analysis using a TB Green® Premix
Ex Taq™ II Kit (Takara, RR820A) for target genes. The
expression levels of the target genes were normalized to
GAPDH and expressed as fold changes using the prAVAY
method.

Quantitative mass spectrometry

Cultured cells (triplicates for both control and TGF-$
treated cells) were collected and washed with PBS. Pro-
teins were extracted by SDT (4% (w/v) SDS, 100 mM
Tris/HCI pH 7.6, 0.1 M DTT) lysis buffer and taken for
trypsin enzymolysis by filter aided proteome preparation
(FASP) method [36]. The peptides were quantified by
OD,g, and labelled with TMT reagents (Thermo Fisher,
90064CH). Labeled peptides were graded using the High
pH Reversed-Phase Peptide Fractionation Kit (Thermo
Fisher, 84868), and then were loaded in buffer A (0.1%
(v/v) formic acid) at a flow rate of 300 nL/min. Sepa-
rated samples were analyzed by mass spectrometry using
Q-Exactive mass spectrometer. Raw data were identified
and quantitatively analyzed using software Mascot 2.2
and Proteome Discoverer 1.4.

Measurement of ROS

Intracellular total ROS was analyzed by DCFH-DA
(Beyotime, S0033S) and mitochondrial superoxide was
detected by MitoSOX Red (Invitrogen, M36008) accord-
ing to the manufacturer’s instructions. ROS-dependent
dichlorofluorescein fluorescence was monitored using
a BD Accuri C6 flow cytometry (BD Biosciences) at an
emission wavelength of 525 nm and an excitation wave-
length of 488 nm. Mitochondrial ROS fluorescence was
monitored at an emission wavelength of 580 nm and
an excitation wavelength of 510 nm. The analysis of
H,0, (Beyotime, S0101S) and MDA (Nanjing Jiancheng
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Bioengineering Institute, A003-4-1) in cells and lung
tissue was performed according to the manufacturer’s
instructions.

Statistical analysis

Statistical analyses were performed using SPSS 21.0. Sig-
nificance between two groups was determined by the
two tailed Student’s ¢-test. Significance for pairwise com-
parison among more than two groups was determined
by one-way analysis of variance (ANOVA) with LSD
post hoc test. Statistical significance was set at P<0.05.
For multiple comparisons issue, we adjusted P-values
based on the Benjamini and Hochberg (BH) method and
ensured that the false discovery rate (FDR)<0.05 [37].
Data were expressed as mean + standard deviation (SD).

Results

Mitochondrial folate pathway is involved in myofibroblast
differentiation and silica-induced pulmonary fibrosis

To induce myofibroblast differentiation, human lung
fibroblasts were stimulated with TGE-[ for different time
period. The steady levels of marker protein a-SMA was
significantly increased after 48 h treatment (Fig. 1B).
To systematically explore the regulatory mechanisms
of myofibroblast formation in an unbiassed way, lysates
from cells treated with TGF-f for 48 h and the control
group were subjected to tandem mass tags (TMT)-based
quantitative proteomics. A total of 5586 different pro-
teins were identified, of which 8.7% were differentially
expressed (fold change above 1.2 or below its reciprocal,
FDR-adjusted p value <0.05) (Additional file 8: Table S2).
Among them, 217 and 270 different proteins were upreg-
ulated or downregulated after TGF-f stimulation, respec-
tively (Additional file 1: Fig. S1A). As expected, proteins
involved in TGF-p signaling, extracellular matrix remod-
eling and wound repairing were enriched [38] (Addi-
tional file 1: Fig. S1B-S1F).

To gain insights about how mitochondria may regu-
late myofibroblast differentiation, we first combined
the genes from MitoCarta3.0 database [39] (1136
human genes) with a recently published human mito-
chondrial high-confidence proteome MitoCoP [40]
(1134 genes) to generate a mitochondrial inventory
with 1310 genes (Additional file 1: Fig. S1G, Additional
file 8: Table S3). According to this inventory, 680 dif-
ferent mitochondrial proteins (Additional file 1: Fig.
S1H, Additional file 8: Table S4) were identified in our
quantitative proteomic analysis with 29 differentially
expressed (4 upregulated, 25 downregulated) (Fig. 1C,
D). Interestingly, two of the upregulated genes,
SLC25A32 and MTHFD2, encode key proteins involved
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in mitochondrial folate metabolism. Further man-
ual inspection of the proteomic data discovered that
another two key proteins (MTHFDI1L and ALDH1L2)
of mitochondrial folate metabolic pathway were signifi-
cantly upregulated, though the fold change was below
the threshold (Fig. 1E). Of note, proteins involved in
cytosolic folate metabolism seemed not to be affected
following TGF-p stimulation (Fig. 1E).

To verify whether mitochondrial folate pathway may
participate in myofibroblast differentiation, we focused
on analyzing SLC25A32 and MTHFD2 and found that
their expression levels were indeed increased after
TGEF-B treatment (Fig. 1F-I). To gain further insights
into the involvement of mitochondrial folate pathway in
silicosis, mice were intratracheally instilled with silica
suspension for four weeks to induce pulmonary fibro-
sis, and the expression levels of Slc25a32 and Mthfd2
in fibrotic lung tissue were indeed elevated compar-
ing to the control (Fig. 1], K). Meanwhile, we observed
that the plasma folate concentration of mice treated
with silica (6.51+2.50 ng/mL) was significantly lower
than that of the control group (11.19+4.20 ng/mL)
(Additional file 1: Fig. S1I). Similarly, the mean plasma
folate concentration of silicosis patients (5.69 +1.66 ng/
mL) was significantly lower than the healthy control
(6.72+1.16 ng/mL) (Additional file 1: Fig. S1J, K).

Together, these findings suggest that folate metabo-
lism may be dysregulated in silicosis and mitochondrial
folate pathway may be involved in myofibroblast differ-
entiation and silica-induced pulmonary fibrosis.

MTHFD2 and SLC25A32 negatively regulate TGF-f induced
myofibroblast differentiation

To analyze how mitochondrial folate pathway may reg-
ulate myofibroblast differentiation, we first suppressed
the gene expression of MTHFD2 by siRNA knockdown.
The downregulation of MTHFD2 further stimulated
the expression of fibrotic marker genes FN1, COL1A1
and a-SMA following TGE-p treatment, suggesting that
mitochondrial folate pathway may negatively regulate
TGE-p induced myofibroblast differentiation (Fig. 2A—
E). To upregulate the expression of MTHFD2, plas-
mid encoding the gene was transfected, and cells were
analyzed after 48 h following TGF- treatment. The
enhanced expression of MTHFD2 significantly inhib-
ited the expression of fibrotic marker genes (Fig. 2F-]).
Moreover, regulating the expression of SLC25A32 by
siRNA knockdown or transient overexpression leads
to similar observations (Additional file 2: Fig. S2A-
D). Together, these data indicated that the key pro-
teins of mitochondrial folate pathway, MTHFD2 and
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Fig. 2 MTHFD2 negatively regulates TGF-f induced myofibroblast differentiation. A-D The mRNA levels of MTHFD2 and myofibroblast markers
(FNT,COL1AT, a-SMA) in cells treated with siRNA and TGF-f31 as indicated for 48 h were determined by RT-gPCR. Results are expressed as mean + SD,
n=3, * represents P<0.05. E Lysates from cells treated with siRNA and TGF-31 as indicated for 48 h were analyzed by western blotting with
indicated antibodies. F-I The mRNA levels of MTHFD2 and myofibroblast markers (FN1, COLTAT, a-SMA) in cells transfected with indicated plasmids
were determined by RT-qPCR following TGF-1 treatment for 48 h. Results are expressed as mean +SD, n=3, * represents P< 0.05. J Lysates from
cells transfected with indicated plasmids were analyzed by western blotting with various antibodies following TGF-31 treatment for 48 h
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SLC25A32, could negatively regulate TGF-f induced
myofibroblast differentiation.

Folate supplementation suppresses TGF-8 induced
oxidative stress during myofibroblast differentiation

Next, we asked the question whether folate supplemen-
tation could impair myofibroblast differentiation. As a
predominant form of circulating folate, 5-mTHF could
be readily utilized by cultured cells [41, 42]. As expected,
supplementing 5-mTHF in concomitant with TGE-p fur-
ther elevated the expression of MTHFD2 and SLC25A32
(Fig. 3A, 3B and 3F). Moreover, the TGF-p stimulated
expression of fibrotic marker genes was reduced to differ-
ent extent by folate supplementation (Fig. 3C—F). Folate
supplementation did not cause obvious morphologi-
cal changes of cells (Additional file 6: Fig. S6). Previous
studies reported that oxidative stress plays important
roles in promoting myofibroblast differentiation [22-25].
Accordingly, we observed that the major mitochon-
drial ROS scavenger protein, superoxide dismutase 2
(SOD2), was downregulated following TGF-f stimula-
tion (Fig. 1D, Additional file 3: Fig. S3A, S3B). Moreover,
TGF-p treatment increased the cellular level of H,O, and
malondialdehyde (MDA) as well as the ROS dependent
signal intensities of DCF and MitoSOX Red, indicat-
ing the presence of oxidative stress (Fig. 3G—L). Impor-
tantly, supplementing folate significantly suppressed the
oxidative stress induced by TGE-f (Fig. 3G-L). To verify
whether mitochondrial folate pathway is important for
limiting the oxidative stress, MTHFD2 or SLC25A32 was
downregulated by siRNA transfection, and we observed
that the levels of total ROS and mitochondrial ROS
were both further upregulated following TGF-f treat-
ment (Fig. 3M-P, Additional file 3: Fig. S3C-S3F). Taken
together, these data demonstrated that supplementing
folate could suppress the TGF-f induced oxidative stress
via mitochondrial folate pathway.

Folate supplementation effectively reduces silica-induced
pulmonary fibrosis and oxidative stress

To assess whether folate has therapeutic potential in sil-
ica-induced pulmonary fibrosis, we supplemented folic
acid in drinking water for mice one week before intratra-
cheal instillation of silica suspension (Fig. 4A). No sig-
nificant difference in body weight was observed among

(See figure on next page.)
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different groups (Additional file 4: Fig. S4A). However,
the lung weight and lung/body weight ratio were signifi-
cantly increased in mice treated with silica (Additional
file 4: Fig. S4B, S4C). Nodules of varying size and number
were observed on the surface of lungs in silica group and
silica+ DMSO group (Additional file 4: Fig. S4D). Folate
supplementation alleviated the occurrence of pulmonary
nodules, but did not significantly affect the weights of
body and lung, neither the lung/body weight ratio (Addi-
tional file 4: Fig. S4A—S4D).

Subsequently, paraffin-embedded sections of lung tis-
sue were stained with H&E and Masson staining. H&E
staining showed that silica caused alveolar destruction,
alveolar wall thickening, inflammatory cell aggregation
and fibrous nodule formation in lung tissue, while the
silica caused lung tissue damage was alleviated in the
folate supplementation group (Fig. 4B). Masson staining
showed that silica led to increased collagen deposition
at the lesion site of lung tissue, indicating the occur-
rence of pulmonary fibrosis, while the collagen depo-
sition was reduced in mice supplemented with folate
(Fig. 4C). Moreover, folate supplementation mitigated
the silica-induced expression of fibrotic markers in lung
tissue (Fig. 4D—H), enhanced the expression of Mthfd2
and Slc25a32 (Fig. 41-]), and inhibited the silica-induced
oxidative stress in lung tissue of mice (Fig. 4K-L). Collec-
tively, these data demonstrated that folate supplementa-
tion effectively reduced silica-induced pulmonary fibrosis
and oxidative stress.

Discussion

Silicosis is a progressive and irreversible disease, in which
the accumulated SiO, particles in lung cause persistent
inflammation and tissue damage, eventually leading to
respiratory failure and death [43]. It is widely accepted
that fibroblast activation is a key event in lung fibrogen-
esis and excessive amounts of ROS can promote myofi-
broblast differentiation and pulmonary fibrosis [22-25].
Therefore, to investigate the ways limiting ROS genera-
tion may provide new therapeutic opportunities for sili-
cosis. Recently, folate mediated 1C metabolism has been
reported as an important source for the production
of NADPH, which is a key molecule to provide cellular
reducing power against oxidative stress [28, 29].

Fig. 3 Folate supplementation suppresses TGF-3 induced oxidative stress during myofibroblast differentiation. A-E Gene expression levels in

cells treated with 5-mTHF and TGF-B1 as indicated were determined by RT-gPCR. Results are expressed as mean + SD, n=3, * represents P< 0.05. F
Lysates from cells treated with 5-mTHF and TGF-31 as indicated were analyzed by western blotting. G, H Concentration analysis of H,O, and MDA
in cells treated with 5-mTHF and TGF-f1 as indicated. Results are expressed as mean + SD, n=3, * represents P <0.05. I-L Flow cytometry analysis of
total intracellular ROS (DCF) and mitochondrial ROS (MitoSOX Red) in cells treated with 5-mTHF and TGF-31 as indicated. Results are expressed as
mean + SD, n=3, * represents P < 0.05. M-P Flow cytometry analysis of total intracellular ROS (DCF) and mitochondrial ROS (MitoSOX Red) in cells
treated with siRNA and TGF-f31 as indicated. Results are expressed as mean +SD, n=3, * represents P < 0.05
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In this study, proteins involved in mitochondrial
folate metabolism were specifically upregulated dur-
ing myofibroblast formation in our unbiased analy-
sis by quantitative mass spectrometry. Interestingly,
glucose-6-phosphate dehydrogenase (G6PD) and isoci-
trate dehydrogenase 1 (IDH1), enzymes crucial for
cytosolic NADPH production, were significantly down-
regulated (Additional file 5: Fig. S5A). It is conceivable
that the enhanced expression of mitochondrial folate
pathway may be poised to compensate the cellular
NADPH production, since NADPH production by oxi-
dative pentose-phosphate pathway has been reported
to be interconnected to folate metabolism [44]. Further
analysis indicated that the expression of MTHFD2 and
SLC25A32 negatively regulated myofibroblast differen-
tiation following TGEF-B stimulation. Interestingly, the
plasma folate concentration was observed to be signifi-
cantly lower in patients and mice with silicosis. Impor-
tantly, folate supplementation elevated the expression of
MTHFD2 and SLC25A32, suppressed TGF-B induced
oxidative stress and effectively mitigated myofibroblast
formation and silica-induced pulmonary fibrosis in mice.

Mitochondrial DNA (mtDNA) replication defects have
been reported to remodel 1C metabolism, leading to sub-
stantially increased expression of MTHFD2 [44]. In our
study, TGF-f enhanced the expression level of MTHFD2
mildly, and the levels of proteins involved in mitochon-
drial central dogma were not observed to be differentially
regulated (Additional file 8: Table S5). Indeed, qPCR and
immunofluorescence did not reveal any significant dif-
ference of mtDNA level in cells treated with TGF-p com-
paring to the control (Additional file 5: Fig. S5B-S5@G),
indicating that TGF-p stimulated mitochondrial folate
pathway was not associated with detectable defects of
mtDNA replication during myofibroblast differentiation.
Of note, a previous report observed increased mtDNA
content in TGF-B induced myofibroblast differentiation,
which could be due to different biological material or/
and experimental conditions used [16].

Folate is a crucial cofactor to transfer 1C unit for
purine and thymidine biosynthesis and methylation reac-
tions, thus is important for neural tube development
and cancer cell biology [33, 34]. Folate uptake can be
mediated via reduced folate carrier (SLC19A1), proton-
coupled folate transporter (SLC46A1) or folate recep-
tors (FOLR1/2/3) [45]. Though the latter two types were
not detected in our quantitative mass spectrometry,
the expression level of SLC19A1 was not significantly
affected by TGF-$ treatment, along with the cytosolic
folate metabolic proteins. Interestingly, folate receptor
B (ERB, encoded by FOLR2) is highly expressed on lung
macrophages from patients with idiopathic pulmonary
fibrosis and from bleomycin treated mice, and has been
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exploited to selectively target therapeutic agents to sup-
press the production of profibrotic cytokines by activated
macrophages [46, 47]. However, the physiological rel-
evance of upregulated FRf on activated pulmonary mac-
rophages is unclear. Certainly, we could not exclude the
effects of folate supplementation beyond redox homeo-
stasis and myofibroblast differentiation. The regulatory
mechanisms of folate metabolism on macrophage activi-
ties in pulmonary fibrosis await further studies.

Conclusion

In summary, our study indicated that mitochondrial
folate pathway may serve as a key switch to regulate oxi-
dative stress during myofibroblast differentiation, and
folate supplementation could effectively alleviate oxida-
tive stress and suppress myofibroblast differentiation in
silica-induced pulmonary fibrosis. Folate is worthy of fur-
ther research for the treatment of silica-induced pulmo-
nary fibrosis.
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