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Background: The metabolic reprogramming of alveolar macrophages, particularly mitochondrial energy metabolism centered on the
tricarboxylic acid (TCA) cycle, plays a pivotal role in acute lung injury (ALI). Fumarate hydratase (FH), a key enzyme catalyzing
fumarate-to-malate conversion in the TCA cycle, is implicated in macrophage inflammatory responses, but its specific role in ALI
remains unclear.

Methods: We employed FHINI to assess its regulatory effects in LPS-induced ALI models. Wildtype C57BL/6 mice were randomly
divided into control group, FHIN1 group, LPS group and LPS+FHIN1 group. FHIN1 and RU.521 was used to explored the interaction
of FH and cGAS-STING in THP-1 cells.

Results: LPS stimulation suppressed FH expression and induced fumarate accumulation in macrophages. Pharmacological FH
inhibition exacerbated LPS-triggered inflammatory cytokine release, oxidative stress and aggravated lung injury in mice.
Mechanistically, FH inhibition promoted mtDNA leakage, activating the cGAS-STING pathway to amplify inflammation. Blocking
c¢GAS with RU.521 significantly attenuated FHIN1-driven inflammatory responses and mitigated lung injury exacerbation.
Conclusion: FH critically modulates ALI progression by restraining cGAS-STING-dependent inflammation. Targeting the FH-
mtDNA-cGAS axis may offer therapeutic potential for ALI management.
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Introduction
Acute lung injury (ALI) is a severe, life-threatening condition affecting populations worldwide, often progressing to
acute respiratory distress syndrome (ARDS). Despite advancements in pharmacological treatment and ventilatory support
for ALI and ARDS, approximately 40% of affected patients do not survive.! ALI is commonly characterized by
inflammatory cell infiltration and a substantial release of pro-inflammatory cytokines, leading to significant damage to
the alveolar epithelium and vascular endothelium.” This damage results in key clinical symptoms: pulmonary edema and
refractory hypoxemia, contributing to the high mortality rate associated with ALL® Currently, there is no effective
therapy to reduce mortality or improve outcomes in ALI/ARDS patients. Consequently, further investigation into the
pathogenesis and the identification of critical signaling pathways in ALI/ARDS may provide novel targets for therapeutic
intervention. During ALI, macrophages undergo significant phenotypic and functional alterations alongside notable shifts
in cellular metabolism, a field of study known as immunometabolism or metabolic reprogramming.*

The Krebs cycle, often called the TCA cycle, serves as the ultimate shared route for the oxidation of carbohydrates,
fats, and amino acids, while also generating precursors for various biomolecules, including non-essential amino acids,
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nucleotide bases, and porphyrin.® Fumarate, a metabolite in the TCA cycle, has been extensively studied within cancer
metabolism and is now gaining relevance in immunology.”® Fumarate hydratase (FH) functions as a key regulatory
enzyme, catalyzing the conversion of fumarate to malate, A loss of FH activity leads to an accumulation of fumarate and
disruption of the TCA cycle’s normal regulation. Knock out of FH in kidney and macrophage results in mitochondrial
structure and function disorders, release of mtRNA and mtDNA and cytokine production.”' The cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING) pathway is a pivotal component of the innate immune system,
responsible for detecting cytosolic DNA. Upon recognition of double-stranded DNA in the cytoplasm, cGAS catalyzes
the synthesis of cyclic GMP-AMP (cGAMP) and activates STING, which subsequently triggers downstream signaling
cascades involving TANK-binding kinase 1 (TBKI1) and interferon regulatory factor 3 (IRF3), culminating in the
production of type I interferons and other pro-inflammatory cytokines. This response is crucial for mounting antiviral
defenses and initiating adaptive immunity."' We speculate that FH may mediate cGAS-STING activation by regulating
mtDNA release. As a metabolic regulator of immunity, the function of FH in acute lung injury remains uncertain. This
study aimed to explore the role of FH in LPS-induced ALI and its molecular mechanism.

Materials and Methods

Animals and Treatment
This study adhered to ethical standards for animal research, receiving approval from the Animal Care and Use
Committee of Wuhan University. All procedures complied with the US National Institutes of Health’s Guidelines for
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the Care and Use of Laboratory Animals (NIH Publication No. 85-23). Mice were maintained under specific pathogen-
free (SPF) conditions at the Wuhan University Animal Center, with carefully controlled humidity (45-55%), temperature
(20-25 °C), and a standard 12-hour light/dark cycle. Male wild-type C57BL/6 mice, aged 8—10 weeks were sourced from
the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (Beijing, China). To establish an
acute lung injury (ALI) model in vivo, mice were injected intraperitoneally with lipopolysaccharide (LPS) at
a concentration of 10 mg/kg, dissolved in 50 pL of sterile saline, following previously described methods. After
12 hours, mice were euthanized via cervical dislocation. The left lung was inflated with 10% neutral buffered formalin
to preserve alveolar architecture, while the right lung was promptly dissected and preserved in liquid nitrogen for
subsequent analysis. FHIN1 (HY-100004) was resuspended in 10% DMSO followed by 90% cyclodextrin in PBS (20%
w/v), FHIN1 (50 mg/kg) was intraperitoneally 1 h before injected with LPS. RU.521 (5 mg/kg, RU.521 dissolved in
saline solution, MedChemExpress, USA) was intraperitoneally 2 h before injected with LPS.

Cell Culture and Reagents

Hominine monocytic THP-1 cells were acquired from the China Cell Line Bank (Beijing, China) and cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum. Differentiation into macrophages was induced by treating the
cells with 100 ng/mL of Phorbol 12-myristate 13-acetate (PMA) for 12 hours.'? To downregulate FH expression, the
differentiated cells were transfected with siRNA obtained from GenePharma Co. Ltd. (Shanghai, China). Following the
manufacturer’s protocol, cells were prepared with Lipofectamine™ 3000 Transfection Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) before siRNA introduction. FHIN1 was applied at concentrations of 10 or 20 uM for
3 hours prior to LPS stimulation. RU.521 (10 pM) was applied 1 h before LPS stimulation.

Western Blotting

For SDS-PAGE, a 10-12% separating gel, a 5% stacking gel, precooled electrophoresis buffer, and a membrane transfer
solution chilled to 4 °C were prepared. The PVDF membrane was activated by soaking in methanol, and proteins were
transferred at a constant current of 250 mA for 90 minutes. Blocking was carried out by incubating the membrane with
5% powdered skim milk at 37 °C for 2 hours. Subsequently, the membrane was incubated overnight at 4 °C with primary
antibodies diluted 1:1000 in antibody diluent. Following this, the membrane was washed three times with TBST and then
exposed to secondary antibodies (1:4000 dilution in TBST) for 2 hours at room temperature. After another wash with
TBST, the membrane was developed and analyzed. Primary antibodies used included anti-STING (19851-1-AP), anti-
cGAS (26416-1-AP), anti-FH (A5688), anti-B-actin (AC050), and anti-IRF3 (T55779), anti-pIRF3 (TA2436) sourced
from Abmart (Shanghai, China) and Proteintech (Wuhan, China). Secondary antibodies were procured from Proteintech
as well.

Lung Injury Score

The severity of pulmonary injury was evaluated using an established semiquantitative scoring protocol.'’ Four histo-
pathological parameters were systematically analyzed: inflammatory infiltration (red arrows), edema (blue arrows),
hemorrhage (black arrows), and alveolar septal thickening (green arrows). Each parameter was graded on a 0—4 scale
according to standardized criteria: Inflammatory infiltration: Quantified by enumerating total inflammatory cells per x100
magnification field, with 5-7 random fields assessed per histological section. Edema and hemorrhage: Graded based on
alveolar involvement percentage:0 (absent), 1 (mild, <10% alveoli affected), 2 (moderate, 10-30% involvement), 3
(severe, 30—50% involvement), 4 (critical, >50% involvement). Alveolar septal thickening: Measured using photomicro-
graphs captured at 400x magnification, with vertical measurements taken at maximal thickness points. Thickness
categories were defined as: 0 (<15 pm), 1 (15-30 pm), 2 (3045 pm), 3 (45-60 pm), 4 (>60 um). Final composite
scores were derived by averaging individual parameter scores across all evaluated fields, providing a comprehensive

assessment of pulmonary injury severity through integrated analysis of these four pathological features.
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MDA and Cytokines Detection

The tissue or cells were lysed with lysis buffer, centrifuged at 12,000 g for 10 minutes, and the supernatant was collected.
Protein concentrations were measured using BCA protein assay kit (PO010S, beyotime). The working curve was drawn
using the standard sample and detected MDA level of sample according to the kit instructions (S0131M, beyotime). The
MDA level was detected and calculated using a spectrophotometer, and statistical analysis was performed after normal-
ization. The cytokines (IL-1B, TNF-a, IL-10 and IFN-B) were detected through ELISA Kit (PI301, PT512, PI528 and
PI568 beyotime) according to instruction.

Hematoxylin & Eosin (H&E) Staining

The lung tissues underwent fixation, dehydration, and paraffin embedding before being sectioned into 5 pum slices using
a microtome. Hematoxylin staining was applied to visualize the tissue, followed by differentiation with hydrochloric acid
alcohol, bluing in tap water, and counterstaining with eosin. The stained sections were gradually dried through graded
ethanol and xylene treatments and mounted using neutral gum. Finally, the sections were observed and photographed
under a microscope at magnifications of 100x and 200x.

Assay of Lung Wet/Dry Ratio

After the complete removal of the right lung in mice, residual blood was carefully cleared, and the wet weight was
immediately recorded. The lung tissues were subsequently dried in an oven at 75 °C for four days until a constant weight
was achieved, enabling the determination of the dry weight and calculation of the lung wet-to-dry ratio.

Detection of Fumarate and FH Activity

Fumarate levels in lung tissue and THP-1 cells were determined using the Fumarate Assay Kit (Abcam, 102516) in
accordance with the manufacturer’s instructions. Briefly, transfected cells were plated in 96-well plates, and supernatants
were collected at intervals of 24, 48, 72, and 96 hours post-transfection. Fumarate concentrations were calculated using
a standard curve generated from known fumarate concentrations. FH activity was assessed with the Fumarase Activity
Assay Kit (Beyotime, S05208S), following the experimental procedures specified in the kit’s protocol.

Relative Quantitative RT-PCR

Total RNA was extracted from lung tissues or cells using the TRIzol method. TRIzol reagent was added to each sample,
followed by RNA separation with chloroform, precipitation using isopropanol, and washing with 75% ethanol. The
purified RNA was dissolved in 20 uL of DEPC-treated enzyme-free water and quantified with a NANODROP spectro-
photometer. The RNA was then reverse-transcribed into cDNA following the instructions provided with the reverse
transcription kit. mRNA expression levels were quantified using SYBR® Green Real-time PCR Master Mix (QPK-201,
TOYOBO), with B-actin serving as the internal control. The 2-AACt method was used for statistical analysis. Primer
sequences utilized in this study are listed in Supplementary Table S1.

Detection of mtDNA in the Cytoplasm

Mitochondrial DNA (mtDNA) was isolated using the Mitochondrial DNA Isolation Kit (Abcam, #ab65321). THP-1 cells
were lysed and centrifuged at 800%g for 10 minutes at 4 °C to remove debris. The resulting supernatant was collected and
subjected to further centrifugation at 10,000xg for 30 minutes at 4 °C to obtain the mitochondrial fraction. Differential
centrifugation ensured that cytosolic mtDNA remained in the supernatant, while mitochondrial mtDNA was concentrated
in the pellet. Cytosolic mtDNA levels were quantified via real-time PCR by measuring Cytochrome C oxidase subunit 1
(COX1) expression, normalized to 18S.

Detection of mtRNA in the Cytoplasm
THP-1 cells were scraped on ice into ice-cold PBS and pelleted at 300g for 5 min at 4 °C. Remove supernatant and
resuspend the pellet in 400 uL extraction buffer (150 mm NaCl, 50 mm HEPES pH 7.4, and 25 pg mL—1 digitonin). The
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resuspended samples were vortexed thoroughly and centrifuged again (2,000g at 4 °C for 5 min). Using an AllPrep DNA/
RNA Mini kit (Qiagen) to isolate RNA in supernatant. To ensure that any genomic DNA contamination is removed, treat
the RNA with DNase I. Use NanoDrop to quantify RNA concentration. gPCR was performed using primers specific for
mitochondrial D-loop on cDNA to determine the presence of mtRNA in the cytosol. The housekeeping control gene
ACTB was used to normalized and amplified in cDNA. Using a SYBR Green qPCR Master Mix (Thermo Fisher, US)
according to the kit’s instructions. Amplify cDNA in a qPCR machine and use the AACt method for quantifying mtRNA
relative expression levels.

Bioinformatic Analysis
Raw and processed data were obtained from the public database DYRAD (https://datadryad.org/dataset/doi:10.5061/
dryad.6wwpzgn28). Differential expression analysis of RNA-seq datasets was performed using the DESeq2 software.

Statistical significance between groups was assessed with the Wald test. Heatmaps were generated using the
R programming language.

Statistical Analysis

The data are expressed as the mean + standard deviation (mean = SD). Statistical analysis was conducted using SPSS 22.0
software (SPSS Inc., Chicago, IL, USA), and figures were generated with GraphPad Prism 8.0. Group differences were
analyzed using the ¢-test for two-group comparisons or one-way analysis of variance (ANOVA) with Bonferroni post hoc

testing for multiple-group comparisons. A P-value below 0.05 was deemed statistically significant.

Results
FH Is Decreased After LPS Stimulation

To further elucidate the changes in fumarate and FH (fumarate hydratase) in the lungs of mice with sepsis-induced acute
lung injury (ALI) and in macrophages following LPS stimulation, we established mouse and macrophage injury models
induced by LPS. We observed that the levels of fumarate in the lung tissue of mice significantly increased after LPS
stimulation (Figure 1A); however, this accumulation of fumarate was not caused by changes in FH enzyme activity
(Figure 1B). This finding is consistent with previous studies indicating that LPS stimulation reprograms the TCA cycle in
macrophages, leading to fumarate accumulation.” In the lung tissues of ALI mice, we found that LPS stimulation
significantly reduced the protein and mRNA expression of FH (Figure 1C-E). Furthermore, in the macrophage model, we
observed that FH protein and mRNA levels also significantly decreased with prolonged LPS stimulation (Figure 1F-H),
suggesting a pivotal role for FH in LPS-induced ALI

The Inhibition of FH Accelerates the LPS Induced ALl

To further investigate the role of FH in LPS-induced ALI, we used the pharmacological FH inhibitor FHIN1, which has
been demonstrated in numerous studies to effectively inhibit FH enzyme activity.'*'* Mice were pretreated with FHIN1
via intraperitoneal injection prior to LPS stimulation. Our results showed that FHIN1 did not affect the protein or mRNA
expression of FH (Figure 2A—C), but leading to a notable accumulation of fumarate in lung tissues (Figure 2D).
Pretreatment with FHIN1 markedly enhanced the LPS-induced increase in inflammatory factors IL-1p, TNFa, IFN-
and decrease of IL-10 (Figure 2E-H), indicating that inhibition of FH might promote LPS-induced lung inflammation.
The lung dry/wet ratio results also confirmed that lung edema in the FHINI+LPS group was significantly more severe
compared to the LPS group (Figure 2I). Additionally, MDA analysis revealed that FHIN1 exacerbated oxidative stress in
the lung tissues of LPS-induced ALI mice (Figure 2J). Furthermore, HE staining of pathological sections indicated that,
compared to the control group, LPS significantly aggravated lung injury and increased the lung injury score, and this
trend was further exacerbated by FHIN1-mediated inhibition of FH enzyme activity (Figure 2K and L). These findings
preliminarily demonstrate that pharmacological inhibition of FH significantly worsens LPS-induced acute lung injury.
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Figure | FH decreases after LPS stimulated in lung tissue of ALI. (A) Fumarate level of lung tissue (n=6); (B) The activity of FH in lung tissue (n=6); (C-E) The protein and mRNA
level of FH in lung tissue (n=6); (F-H) FH protein and mRNA level at different time points after LPS stimulation in THP-I cell (n=6). (*p < 0.05, **p < 0.01, **p < 0.001).

The Inhibition of FH Increase the Release of mtDNA in Macrophage

Alveolar macrophages play a crucial role in the development and progression of acute lung injury (ALI) and are among the
most important immune cell types regulating ALI. Previous studies have shown that knocking down FH in macrophages
affects mitochondrial integrity and leads to fumarate accumulation.'® To further explore the mechanisms by which FH
inhibition exacerbates LPS-induced ALI, we analyzed TCA metabolite profiling data from the DYRAD database. Heatmap
analysis revealed that FHIN1 treatment significantly increased the levels of fumarate, lactate, and argininosuccinate, while
reducing the levels of acetyl-CoA, succinate, and citrate, indicating that FHIN1 induces TCA metabolic reprogramming and
promotes fumarate accumulation (Figure 3A). Further in vitro experiments confirmed that treatment of PMA-differentiated
THP-1 cells with FHINT1 significantly inhibited FH enzyme activity and increased fumarate levels (Figure 3B and C). Other
findings showed that FHIN1 elevated LPS-induced IL-1f3, TNFa and IFN-B levels (Figure 3D-F), as well as MDA and GSH
levels (Figure 3G and H). The results of JC-1 immunofluorescence staining confirmed that FHIN1 treatment further
disrupted the mitochondrial membrane potential (MMP) (Figure 31 and J). Consistent with previously published studies, '’

5404 https: Journal of Inflammation Research 2025:18



Jiang et al

s - o+ -+
FHING - -+ +

50 kDa

42 kDa

4_
o *x
g’ | |
©
5 37
el *
S ' !
T 27
>
K]
2
o 14
©
E |1|
I
0 T T T
& N
O\\ \9"0 @e \/Q‘b
< %\X
D
<
. 80 —r
) P
[s) e
C
£ 60+
G
kel
o
‘l:—’ 40_ Hkk
9]
>
2
@ 204
=
L
&
N
C}" \9% Q}e \3%
< V\\"
N
QQ\

~

Citrl

FHIN1

B ns
2.5
(o)
2
S 2.0
=
o
T 1.5
o
£ 1.04
©
©
& 0.5
I
%00 L .
& & 8
< \;\"
N
&
_ 25+ .
o
% ek
o 201 —
=
% 15_ ok
s
Z 10
€
@ 5
=
o_
N N
O\\ \9% ®$ \3(9
< -
®$
<
_ 1.59 —_——
o — ok
i,
Q@
g
= 1.0+
©
o
<
% 0.5
X 0.
o
4
~ 00 T T ﬁﬁ
N
& & 8
< -
\»é
<

C 1.5 Kk IL|
. —
>
K
(]
21.0-
©
[
s
& 0.5+
€
T
w
0.0 L T
S 2 D 2
SERCIE N
e
F <
@ 201 *
> ek
ko) —
[
2 15+
o
[ *k
< 104
210
4
€
g 54
[T
T
=
0_
Q B D ®
SERSIESS
N
(8‘
2.0 .
P —
o !
= 1.5
)
> C
T T 1.04
=
)
k]
g)g 0.5
=
0.0 T T T
Q =l N )
¢S &
N
N
&
J l+”|
.3 —
S o
f= r
©
£
S 2
o)
o
2
31
<
a
s
0 L T
=) N O
¢SS
S
&
o
8 10
(2]
2
=}
£ 5
: i
[ =
= L0
0 L T
O N
SHRIPE
< &
N
<&

Figure 2 Inhibition of FH exacerbates LPS induced ALI. (A-C) FH protein and mRNA level in lung tissue after FHINI treatment (n=6); (D) Fumarate level in lung tissue
after FHIN| treatment (n=6); (E-H) The level of IL-1B, TNFa, IFN-B and IL-10 in lung tissue (n=6); (I) The wet/dry ratio of lung tissue (n=6); (J) Relative MDA level of lung
tissue (n=6); (K) Typical H&E staining for lung tissues; (L) Lung injury score according to H&E staining (n=6). (*p < 0.05, **p < 0.01, ***p < 0.001).

Journal of Inflammation Research 2025:18

https:

5405



Jiang et al

A 3 "
 LPS*FHINT :
rou S
group S
e
e .
lactate 3 —
3
fumarate © 2
©
argininosuccinate group £ |-"'-|
=]
. w
asparagine LPS 0 NI T
\ >
LPS+FHIN1 [ SN
acetyl-CoA o MRANIRGS
C N
succinate 1.5+ <
i 2 - —
[ ns
2-ketoglutarate ] 2 L
e
pyruvate 0 5109
. S
citrate - =
= 0.5+
glutamate l -2 3
©
I ﬁ
w
0.0 L i T
NI )
SN
< N
\2\\6
D E F G H
_ 80 o 30 " —~ 80 .,"% 8
g —_— o — ) o —_
© 60 2 £ 60 S6 .
2 20 L o C 2
° L o wan 2
S < 40 — 2 L4
P4 = 5 °
x x ] S
£ 10 . (]
E 20 5 920 <2
2 g £ g
Gl S Foleml loml 0 L or:-_l.
& S8 & P & S F o &
< e\" < N < é\x N
& D & &S
o 157 "
8 —
§ .
§A1o
51,04
© S5
— 8\ cs
1 § 20.54
— e
L5 8
=k 3
© g
AR
< N
S
K <
i .
] 8+ —
< E 8 .
e 864
=4 5
o he)
S 2 4
°
H
< 24
- 4
3
€
od
) @ &P
9 o Q?‘\é\x
(] Q‘»
> L o :
. —
o
86
£ -
b=}
e
< 44
3
8
< 2+
z
15
od
& & %\\e“ K
< &
N
&

Figure 3 Inhibition of FH promote the LPS induced mitochondrial damage and mtDNA release in macrophages. (A) The heatmap of TCA metabolite profiling after FHIN|
treatment in macrophage (n=6); (B) Fumarate level after FHINI treatment in THP-1 (n=6); (C) The activity of FH in THP-I (n=6); (D=F) The level of IL-1B3, TNFo and IFN-$
in THP-1 (n=6); (G) Relative MDA level in THP-1 (n=6); (H) The level of GSH in THP-1 (n=6); (I and }) Typical JC-1 immunofluorescence staining and statistical results in
THP-1; (K and L) The level of mtDNA and mtRNA in THP-1 (n=6). (*p < 0.05, **p < 0.01, ***p < 0.001).
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we also found that FHIN1 treatment not only disrupted the TCA cycle but also promoted LPS-induced release of mtDNA
and mtRNA (Figure 3K and L).

The Inhibition of FH Activate cGAS-STING Pathways Through mtDNA in Cytoplasm

To further investigate how FH inhibition-induced mitochondrial damage and mtDNA release exacerbate sepsis-induced acute
lung injury (ALI), we conducted KEGG pathway enrichment analysis on LPS-stimulated macrophages treated with FHIN1. The
results showed that Cytosolic DNA—sensing pathway was significantly upregulated in the FHIN1 inhibition group (Figure 4A).
As we all known, release of mtDNA into the cytosol has emerged as a prominent trigger of cGAS-STING pathway activation in
multiple contexts. To further confirm the changes in the cGAS-STING pathway after FH inhibition, we examined the protein and
mRNA levels of key downstream transcription factor IRF3 and its target genes in the cGAS-STING pathway using Western blot
and mRNA assays. Our results indicated that in THP-1 cells, LPS significantly upregulated the protein levels of cGAS, STING,
and p-IRF3 (Figure 4B and C), and increased the mRNA levels of IRF3 target genes Areg, Ifnbl, and Mx1 (Figure 4D-F).
Although FHINI treatment alone did not upregulate cGAS or its downstream proteins, the combination of FHIN1 and LPS
further increased p-IRF3 levels and enhanced the transcription of downstream target genes, confirming that FH inhibition
significantly exacerbates LPS-induced activation of the cGAS-STING pathway.

Knockdown of cGAS Can Alleviate cGAS-STING Activation and Inflammatory
Responses Induced by FH Inhibition

To further confirm whether cGAS-STING is the primary regulatory mechanism by which pharmacological inhibition of
FH exacerbates ALI, we used siRNA to knock down c¢cGAS in THP-1 cells. The results showed that after cGAS
knockdown, LPS stimulation significantly reduced the expression of STING and downstream p-IRF3 (Figure 5A).
Moreover, cGAS knockdown significantly inhibited FHINI-induced activation of the cGAS-STING pathway, with
a notable reduction in p-IRF3 protein levels and the mRNA levels of its target genes Areg and Irnbl (Figure SA-D).
MDA results also indicated that cGAS knockdown significantly alleviated the accumulation of oxidative stress caused by
FHIN1 (Figure 5E). Additionally, ELISA results for cellular inflammatory factors confirmed that cGAS knockdown
alleviated the increases of IL-1B and TNF-a induced by FHINI+LPS, while significantly elevating IL-10 levels
(Figure SF). These findings demonstrate that cGAS knockdown significantly reduces cGAS-STING pathway activation
and cellular inflammation levels induced by FH inhibition, confirming that the macrophage damage exacerbated by
pharmacological FH inhibition via FHIN1 is cGAS-STING dependent.

The cGAS Inhibitor RU.521 Can Alleviate the Exacerbation of ALI Caused by FH
Inhibition

We confirmed that FH inhibition primarily exacerbates the inflammatory response of alveolar macrophages by affecting
mtDNA release and activating the cGAS-STING pathway in vitro. However, it remains unclear whether oral adminis-
tration of the cGAS inhibitor RU.521, a widely used selective inhibitor of cGAS activity'® can alleviate lung injury
exacerbated by FH inhibition in vivo. Therefore, we administered RU.521 orally to mice prior to FHIN1 and LPS
pretreatment. The results showed that RU.521 significantly reduced the levels of inflammatory factors IL-1p and TNF-a
induced by FHIN1 (Figure 6A and B), decreased MDA levels (Figure 6C), and improved lung edema in mice compared
to the FHIN1+LPS group. Histopathological analysis with HE staining and lung injury scoring confirmed that RU.521
pretreatment protected mice from exacerbated lung injury caused by FH inhibition (Figure 6D-F). Collectively, these
findings demonstrate that pharmacological inhibition of FH exacerbates the inflammatory response of alveolar macro-
phages and promotes ALI through mtDNA release and activation of the cGAS-STING pathway.

Discussion

In this study, we confirmed the pivotal role of FH in sepsis-induced acute lung injury (ALI). Our findings indicate that
pharmacological inhibition of FH markedly worsens LPS-induced lung damage and macrophage injury responses in
mice. Metabolomics and RNA-seq analyses revealed that FH inhibition reprograms macrophage TCA metabolism,
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Figure 4 Inhibition of FH activates the cGAS-STING pathways in ALl (A) KEGG enrichment between LPS and LPS+FHINI group; (B and C) Western blots for cGAS,
STING, IRF3 and p-IRF3 in lung tissue (n=6); (D-F) Relative mRNA level of Areg, Ifnbl and MxI in lung tissue (n=6). (*p < 0.05, **p < 0.01).

resulting in the accumulation of fumarate, lactate, and argininosuccinate, coupled with a decrease in acetyl-CoA,
succinate, and citrate. Moreover, FH inhibition impairs mitochondrial function, promotes the release of mtDNA, and
activates the cGAS-STING pathway, thereby amplifying inflammatory responses and exacerbating lung injury. Notably,
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p < 0.001).

pharmacological or genetic inhibition of cGAS effectively mitigates FH inhibition-induced lung injury. Fumarate, a key
TCA cycle metabolite, has been extensively studied in cancer metabolism and is now gaining increased recognition in
immunological research. Cancer studies have predominantly examined tumors with FH deficiency or mutations. As FH
catalyzes the conversion of fumarate to malate, its loss leads to fumarate accumulation and TCA cycle dysregulation.
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Figure 6 RU.521 can alleviate the exacerbation of ALl caused by FH inhibition. (A and B) The level of TNFa and IL-1p in lung tissue (n=6); (C) Relative MDA level in lung tissue
(n=6); (D) Typical H&E staining for lung tissues; (E) Lung injury score according to H&E staining (n=6); (F) The wet/dry ratio of lung tissue (n=6). (*p < 0.05, *p < 0.01).

This metabolic disruption activates multiple pathways that contribute to cancer initiation and progression.'® Consistent
with recent studies,'® our findings confirm that FH inhibition triggers fumarate accumulation and disrupts mitochondrial
metabolism and function. This accumulation is not attributed solely to reduced FH enzymatic activity; the upregulation of
argininosuccinate synthase (ASS1) likely contributes as well.” Evidence for this includes the observation that pharma-
cological inhibition of the pathway with the GOT2 inhibitor aminooxyacetic acid, combined with the genetic knockdown

of argininosuccinate lyase, successfully prevented fumarate accumulation following LPS exposure.'’
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Furthermore, FH inhibition significantly increased IL-1p and TNF-a expression while reducing IL-10 levels com-
pared to LPS stimulation alone. We propose that fumarate accumulation partially drives these alterations in inflammatory
factors, though it is not the primary cause of worsened lung injury. Fumarate plays diverse roles in immune regulation.
For example, dimethyl fumarate (DMF), a fumarate derivative, is a widely used immunomodulatory drug for treating
Multiple Sclerosis (MS).'® Available research suggests that DMF targets several cellular proteins through which it
manifests its anti-inflammatory and antitumoral activities. Interestingly, while accumulation of endogenous fumarate
promotes inflammatory factor secretion, its derivative DMF exhibits anti-inflammatory properties.'>*° This paradox may
stem from differences between endogenous fumarate and exogenously administered DMF, as well as variations in their
cytoplasmic concentrations.

The primary mechanism by which FH inhibition exacerbates lung injury appears to be caused by macrophage
metabolic reprogramming. Published results have shown that while both exogenous DMF supplementation and FH
inhibition result in fumarate accumulation, their effects on mitochondrial function and immune responses differ
significantly. For instance, FH inhibition (via FHIN1) reduces ATP/ADP, ATP/AMP, and phosphocreatine/creatine ratios,
highlighting FH’s essential role in maintaining mitochondrial bioenergetics. Unlike DMF, FHIN1 impairs basal respira-
tion, ATP production, and maximal respiration, as measured by oxygen consumption rates.’

In addition, FH inhibition alters not only fumarate levels but also other TCA metabolites, resulting in changes distinct
from those caused by DMF treatment. We hypothesize that mitochondrial dysfunction, coupled with increased release of
mtDNA and mtRNA, primarily drives the worsening of lung injury following FH inhibition. To investigate this further, we
explored the downstream immune-regulatory effects of mtDNA. RNA-seq analysis revealed that the cytosolic DNA—sensing
pathway was activated after FHIN1 treatment. While previous studies demonstrated that increased mtRNA due to FH
inhibition activates RNA sensors such as TLR7, RIG-I, and MDAS, leading to elevated interferon-p production,” the
downstream mechanisms of mtDNA remain poorly understood. As a classical mtDNA sensor, cGAS-STING plays
a pivotal role in this process. In the context of acute lung injury (ALI), the cGAS-STING pathway plays a complex role.
While appropriate activation of this pathway is essential for host defense against pathogens, its dysregulation can contribute
to excessive inflammation and tissue damage. For instance, studies have shown that overactivation of the cGAS-STING
pathway due to self-DNA release can drive inflammatory responses in lung tissues, exacerbating conditions such as ALIL
Conversely, certain interventions targeting this pathway have demonstrated therapeutic potential.?! Our previous studies have
confirmed that cGAS-STING promotes ALI by regulating NLRP3 inflammasome activation and macrophage pyroptosis.**
Our findings show that cGAS-STING-dependent regulation is crucial in macrophage inflammatory responses following FH
inhibition. Importantly, cGAS inhibitors significantly reduced the exacerbation of ALI induced by FHINI.

This study also has some limitations. First, it primarily relied on the pharmacological inhibitor FHIN1 to suppress FH
activity, without employing macrophage-specific FH knockout mice for further animal model validation. Consequently, the
regulatory functions of FH related to its structural properties, rather than enzymatic activity, were not considered.
Additionally, the mechanisms through which TCA metabolic reprogramming induced by FH inhibition leads to changes
in mitochondrial structure and function were not comprehensively explored, highlighting the need for further investigation.
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