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Take home message: Succinate accumulation in the lungs is associated with the
imbalance of succinate-producing/-consuming bacteria in the gut during intestinal
ischemia/reperfusion. Lung injury was transmissible by gut microbiome, and

exacerbated by succinate via alveolar macrophage polarization.



Abstract

Introduction: Acute lung injury (ALI) is a major cause of morbidity and mortality after
intestinal ischemia/reperfusion (I/R). Gut microbiota and their metabolic byproducts act
as important modulators of the gut-lung axis. This study aimed to define the role of

succinate, a key microbiota metabolite, in intestinal I/R-induced ALI progression.

Methods: Gut and lung microbiota of mice subjected to intestinal I/R were analyzed
using 16S rRNA gene sequencing. Succinate level alterations were measured in
Germ-free (GF) mice or conventional mice treated with antibiotics. Succinate-induced
alveolar macrophage polarization and its effects on alveolar epithelial apoptosis were
evaluated in succinate receptor1 (Sucnrl)-deficient mice and in murine alveolar
macrophages transfected with Sucnrl-siRNA. Succinate levels were measured in

patients undergoing cardiopulmonary bypass, including intestinal I/R.

Results: Succinate accumulated in lungs after intestinal I/R, and this was associated
with an imbalance of succinate-producing and succinate-consuming bacteria in the gut,
but not the lungs. Succinate accumulation was absent in GF mice and was reversed by
gut microbiota depletion with antibiotics, indicating that gut microbiota are a source of
lung succinate. Moreover, succinate promoted alveolar macrophage polarization,
alveolar epithelial apoptosis, and lung injury during intestinal I/R. Conversely,
knockdown of Sucnrl or blockage of SUCNR1 in vitro and in vivo reversed the effects of
succinate by modulating PI3K-AKT/HIF-1a pathway. Plasma succinate levels
significantly correlated with intestinal I/R-related lung injury after cardiopulmonary

bypass.



Conclusion: Gut microbiota-derived succinate exacerbates intestinal I/R—induced ALI
through SUCNR1-dependent alveolar macrophage polarization, identifying succinate as

a novel target for gut-derived ALl in critically ill patients.



Introduction

Intestinal ischemia/reperfusion (I/R) injury is a fatal condition that frequently occurs after
severe traumatic or septic shock, acute mesenteric ischemia, or certain operative
procedures, including cardiopulmonary bypass (CPB), small bowel transplantation, and
abdominal aortic surgery [1]. Critical injuries occur in the intestinal mucosa and remote
organs, resulting in an overall mortality as high as 60-80% [2,3]. Of these remote organ
injuries, acute lung injury (ALI) with acute inflammation, increased microvascular
permeability, pulmonary edema, and alveolar destruction are the best characterized [4].
Alveolar macrophages (AMs), the most abundant innate immune cells in the airways
during lung injury, are the major drivers of lung inflammation [5]. In addition, signals from
the microenvironment induce the polarization of AMs to either the pro-inflammatory M1 or
anti-inflammatory M2 phenotype [6]. However, the function and modulation of AMs in

intestinal I/R-induced ALI have not been fully elucidated.

Gut microbiota and their derived products play a role in a number of pulmonary diseases,
including asthma and respiratory infections [7-10], via modulation of innate and adaptive
immunity [11, 12]; the link is termed the “gut—lung axis” [13, 14]. Succinate, a classical
metabolite of the tricarboxylic acid (TCA) cycle in host cell mitochondria, is an important
metabolite of the gut microbiota [15, 16]. Interestingly, not all bacteria produce succinate,
some bacteria species are instead succinate-consuming. Succinate levels are regulated
by balancing succinate-consuming and -producing bacterial strains [17, 18]. When
released into the circulation, gut microbiota-derived succinate acts as a pro-inflammatory

signaling molecule in peripheral tissues and plays an essential role in the etiology of



several inflammation-related diseases, such as inflammatory bowel disease, obesity, and
type 2 diabetes [17-20]. In a recent study, Riquelme et al. found that an excessive
amount of succinate was released into the airways during cystic fibrosis and created a
microenvironment enhancing susceptibility to infection by P. aeruginosa, which is
programmed to induce the accumulation of a large variety of metabolites and
preferentially catabolize succinate to sustain its growth and long-term colonization of
host tissues [21]. Activation of succinate receptor 1 (SUCNR1), a G protein-coupled

receptor (GPCR) widely expressed on the plasma membrane of immune cells [22-24],

promotes macrophage infiltration and polarization and the release of pro-inflammatory
cytokines [23,25]. However, the role of succinate and its receptor SUCNR1 in regulating
AMs in the lungs, especially under intestinal I/R conditions, remains largely

uncharacterized.

Based on these findings, we hypothesized that intestinal I/R induces an imbalance of
succinate-producing and succinate-consuming bacteria in the gut, leading to abundant
generation, blood transmission, and succinate accumulation in the lung through the gut—
lung axis, subsequently exacerbating lung injury through SUCNR1-dependent AM
polarization. The current study evaluated this hypothesis using both animal and human

studies in combination with in vitro approaches.

Methods

Animal model



A previously described rodent model of intestinal I/R was used [26]. All experimental
procedures were performed following the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Animal Ethics Committee at

Nanfang Hospital, Southern Medical University (Guangdong, China).

One week prior to intestinal I/R, 100 ml succinate (4 or 8 mM/kg per day) or vehicle was
injected intraperitoneally. The selected dose and time were based on a previous study [27]
and pilot experiments. To deplete the gut microbiota, a cocktail of antibiotics (ABX)
(vancomycin, 100 mg/kg; neomycin sulfate, 200 mg/kg; metronidazole, 200 mg/kg; and
ampicillin, 200 mg/kg) was suspended in saline and administered to 100 pl/mice via oral
gavage once a day for 7 days [28]. See the online supplementary section for further

details.

Fecal microbiota transplantation (FMT)

FMT was performed according to a previously described study [29]. Briefly, feces
collected from mice (donor mice) under I/R-operation (I/R group) or sham-operation
(control group) were resuspended in PBS at 0.125 g/ml. One hundred microliters of the
solution were orally administered to Germ-free (GF) mice (receptor mice, 3—6 mice per
group) in the corresponding groups via a gastric gavage tube. All mice had free access to
food and water, and the gavage was performed in a sterile environment. Three days after
transplantation, mice were exposed to intestinal ischemia for 60 min and reperfusion for 4
hours, and then blood, ileum, kidney, lung, and liver samples were harvested sterilely for

further examination.



Microbe analysis

The V3-V4 regions of the 16S rRNA gene were amplified and sequenced using an
lllumina HiSeg2500 sequencing platform. The raw sequences were first quality-controlled
using QIIME (v1.9.1) with default parameters and then demultiplexed and clustered into
50 taxonomic units at the species level (97% similarity). Operational taxonomic unit
generation was based on the Greengenes database (v13_8) and the reference-based
method from SortMeRNA. Strain composition, alpha diversity, and beta diversity

analyses were performed using QIIME (v1.9.1).

Succinate colorimetric assay
Succinate concentrations in the lung tissue, serum, intestine, and cecal contents were
determined using a Succinate Colorimetric Assay Kit (BioVision Inc., Milpitas, CA, USA),

according to the manufacturer’s instructions.

Cell treatment

Primary murine AMs were isolated from C57BL/6J mice [30]. Primary AMs and MH-S
cells (a murine AM cell line) were treated with succinate (0.5, 01, 1, 5, or 10 mM) or
vehicle for the indicated times. Lipopolysaccharide (100 ng/ml) treatment for 24 h served
as a positive control. For some experiments, MH-S cells were pre-treated with specific
pharmacological inhibitors (10 umol/L LY294002 and 100 pymol/L 2-MeOEZ2) or incubated
with anti-SUCNR1/control antibody (IgG) (5 pg/mL) for 1 h prior to stimulation with

succinate (1 mM). In addition, a co-culture system was used to detect the effect of



succinate-treated MH-S cells or primary AMs on apoptosis of MLE-12 cells (a murine

lung epithelial cell line). Further details are provided in the online supplementary section.

Statistical analysis

All data are expressed as the mean + SEM. Between-group differences were analyzed
with unpaired Student’s t-test or one-way analysis of variance (ANOVA) followed by post
hoc Bonferroni’s t-test. P < 0.05 was considered statistically significant. All statistical

analyses were performed using SPSS 17.0 (Chicago, IL, USA).

Results

Abnormal accumulation of succinate in the lungs during intestinal I/R was
associated with the imbalance of succinate-producing and -consuming bacteria in

the gut

Pulmonary succinate levels significantly increased after intestinal I/R and reached a peak
(0.58 £ 0.050 mM) at 4 h after reperfusion. This increase was 10.2-fold greater than that
in the sham-operated mice. In addition, succinate levels in the cecal contents, intestine,
and serum (in order of decreasing concentration) also increased after intestinal I/R in a
time-dependent manner (Figure 1A). In addition, a negative correlation was found
between pulmonary succinate and mRNA levels of intestinal tight junction-related genes
(Tjpl and Ocln) (Figure 1F-G), indicating that disruption of the mucosal barrier may be

associated with succinate accumulation in lung tissue.



16S rRNA gene sequencing of the gut microbiota showed that intestinal I/R led to a
significant reduction in the Chao, Shannon diversity, and Simpson indices, which
reflected the decreased microbial diversity, richness, and biodiversity at the phylum level
(Figure S1A). Comparing the lung microbiota composition, the Chao and Shannon
diversity indices were not significantly different between the sham and I/R groups.
However, the Simpson index decreased like that of the gut microbiota. The principal
component analysis clearly separated the B-diversity of gut and lung samples obtained
from I/R- and sham-operated mice (Figure S1A-B). At the family level in the gut
microbiota, a significant increase in the Firmicutes/Bacteroidetes ratio was observed in
I/R-treated mice (Figure 1B). Compared to the sham-operated mice, the I/R-treated mice
had a higher relative abundance of succinate-producing bacteria at the family
(Prevotellaceae, Veillonellaceae, and Bacteroidaceae families) (Figure 1C) and genus
levels (Prevotellaceae UCG-001 and Paraprevotellaceae spp.) (Figure 1D). In contrast,
the relative abundance of succinate-consuming bacteria was reduced at the family
(Ruminococcaceae, Odoribacteraceae, and Clostridaceae families) (Figure 1C) and
genus levels (Ruminococcaceae 1, Clostridiaceae 2, and Odoribacter spp.) (Figure
1D). Furthermore, the ratio between specific succinate producers and consumers
(Prevotellaceae + Veillonellaceae + Bacteroidaceae / Ruminococcaceae +
Odoribacteraceae + Clostridaceae) [Family(P+V+B/R+0+C)] was significantly higher in
I/R-treated mice and was positively correlated with pulmonary succinate levels (Figure
1E). No differences were detected in other bacterial families involved in succinate
metabolism, such as Paraprevotellaceae, Lachnospiraceae or Rikenellaceae [31]. In

parallel, the bacterial community composition in the lung is very different from that in the



gut at the phylum level. A significant drop in Firmicutes/Bacteroidetes ratio was found in
the lung microbiota during intestinal I/R (Figure S1C). Moreover, no significant
differences were found in the abundance of succinate-producing and -degrading bacteria
in the lung, only accompanied with a significant increase of Bacteroidaceae families and
a decrease in the abundance of Carnobacteriaceae families (Figure S1D). Collectively,
intestinal I/R did not affect the balance of succinate-producing and -consuming bacteria

in the lung microbiome.

To determine the role of the baseline microbiota differences on biological measurements,
we further performed sham- and I/R-operation in mice underwent 7 days singly-housing
condition, which could eliminate the possibility of cage effects arising from coprophagy
[32,33]. We found that succinate levels significantly increased at 4 h of reperfusion
(Figure S2A). 16S rRNA sequencing displayed a reduction in diversity and richness, and
an abnormality in the composition at the phylum level in both the gut and lung microbiota.
Moreover, an increasing in Prevotellaceae families and a decreasing in Clostridaceae
families were found in the gut microbiota, but not in the lung microbiota of single-housed
mice underwent I/R injury (Figure S2B-H). The ratio [Family(P/C)] increased in the
I/R-treated mice, and was positively correlated with pulmonary succinate levels (Figure
S2E). These results indicate that intestinal I/R treatment itself, rather than the microbiota
cage variation, plays a dominant role in the imbalance of succinate-producing and

-consuming bacteria in the gut.



The increased amount of pulmonary succinate was derived from gut microbiota

To confirm whether succinate found in the lungs was derived from the gut microbiota, the
mice were orally administered a cocktail of broad-spectrum ABX to deplete the gut
microbiota (Figure 2A). The results showed that ABX treatment did not affect body weight
between the two groups (Figure 2B). Microbiota-depleted mice had significantly reduced
succinate levels in the lungs, cecal contents, intestine, and serum at 4 h after reperfusion
(Figure 2C). Microbiota-depleted mice also showed less I/R-induced lung injury, based
on reduced histopathological scores, total protein concentrations, lung edema (Figure
2D-G), and cytokine levels in the bronchoalveolar lavage fluid (BALF) (Figure 2H).
Moreover, we also performed intestinal I/R (60 min/4 h) in GF mice, and the results
indicated that succinate levels in the lungs were significantly lower in GF mice than in
conventional mice. The declining trend of succinate level was also found in the cecal

contents and intestine (Figure 2I).

Intestinal I/R-induced ALI was transmissible by gut microbiome partially via

succinate

FMT was performed to demonstrate further that the gut microbiota mediated the
phenotype of intestinal I/R-induced ALI and elevation of succinate levels. Recipient
mouse lungs were collected on the first and second day after 3 days of FMT (Figure 3A).
GF mice that received feces from I/R mice (I/R group) presented a higher level of

histopathological scores and cytokines (either in serum or in the lungs) than mice that



received feces from mice under sham operation (control group) (Figure 3B-C). Moreover,
a marked increase in lung succinate levels was found in GF mice transplanted with I/R
feces compared with those in the control group (Figure 3D). The FMT experiment
confirmed that intestinal I/R-induced ALI was transmissible by the gut microbiome, and
the mechanism was closely related to gut microbiota byproducts, particularly succinate.
In addition, we found that mice treated with FAM-succinate (succinate with
FAM-modification) intragastrically presented higher levels of green fluorescence signal
intensity in the gut and lung after intestinal I/R (Figure S3A-D), which successfully traced
the progression of succinate delivery from the gut to the lung during intestinal I/R. The
above results demonstrate that succinate is probably an important mediator of gut

microbiota and promotes intestinal I/R-induced ALI through the gut-lung axis.

Succinate induced AM polarization and ALI after intestinal I/R

Mice were treated with succinate (4 and 8 mM/kg/day) or vehicle before intestinal I/R
(Figure 4A). Histological analysis of lung tissues revealed the characteristics of ALIl. The
lung injury severity, lung edema, total protein amount (Figure 4B-C), and cytokine levels
in BALF (Figure 4D) were all significantly increased in succinate-treated mice compared
with controls, and the effects appeared to be dose-dependent. Succinate also
dose-dependently increased the mRNA expression of M1-related markers (Nos2, Ptgs2,
Ccr7, and Tnf), decreased the expression of M2-related markers (Argl, Retnla, Ccl17,
and 1110) (Figure 4E), and increased the number of CD86"CD206  macrophages in

I/R-treated mice (Figure 4F). In vitro, gene expression profiling confirmed that succinate



dose-dependently upregulated the expression of M1-related marker genes (Nos2, Ptgs2,

Ccr7, and Tnf) in primary AMs and MS-H cells (Figure S4A-B).

AMs were essential for the effect of succinate in intestinal I/R-induced ALI

To study the role of AMs in mediating the effects of succinate in intestinal I/R-induced ALI,
mice were depleted of AMs by intratracheal injection of liposome-encapsulated
clodronate or vehicle (PBS) 72 h before succinate administration (Figure 5A). Successful
AM depletion was demonstrated by a notably decreased proportion of F4/80"CD11c”
cells in the BALF (Figure S5A). Clodronate significantly improved histopathological lung
injury and reduced alveolar inflammation induced by succinate and intestinal I/R (Figure
5B-F). Co-culture of succinate-polarized MH-S cells with murine lung epithelial cells
(MLE-12 cells) increased apoptosis and reduced cell viability among MLE-12 cells
(Figure 5H and Figure S5C). Succinate did not display any direct cytotoxic effects on

MLE-12 cells (Figure 5G and Figure S5B).

Succinate promoted AM polarization and ALI via SUCNR1 after intestinal I/IR

Immunofluorescence revealed the colocalization of SUCNR1-positive cells with resident
AMs in and around the alveolar interstitium. The proportion of SUCNR1-positive cells
expressing the AM marker F4/80 markedly increased in the lungs of succinate-treated
mice underwent intestinal I/R (Figure 6A-B). Moreover, the protein and mRNA expression
levels of SUCNR1 in AM pellets were significantly increased after intestinal I/R and further

enhanced after succinate treatment (Figure 6C-D).



Sucnrl” and wild-type (WT) mice were treated with succinate for 1 week before intestinal
I/R. Sucnrl” mice displayed a significantly lower degree of lung injury based on
histopathology (Figure 6E), pulmonary inflammation (Figure S6A), M1-related marker
mRNA expression (Figure 6F), and the proportion of CD86°CD206~ AMs (Figure 6l and
Figure S6C) compared to WT mice following succinate treatment. In addition, an in vivo
neutralization assay of antibody against SUCNR1 (2.5 ug/g, intravenously) was
performed in WT mice. The results revealed that lung injuries, including lung histology
scores (Figure 6G), BALF protein levels, the degree of lung edema and pulmonary
inflammation (Figure S6B) was significantly blocked with anti-SUCNR1 antibody. In vitro,
the succinate-induced M1 polarization of MH-S treated with neutralizing antibody of
SUCNR1 (anti-SUCNR1, 5 pg/ml) (anti-SUCNR1+ Succinate group) was significantly

inhibited compared with the IgG+ Succinate group (Figure 6H).

The number of terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive cells was significantly lower in the lungs of Sucnrl” mice than that in
WT mice (Figure 6J and Figure S6E). In vitro, Sucnrl absence completely suppressed
MLE-12 cell apoptosis caused by co-culture with succinate-polarised AMs (Figure 6K and

Figure S6D).

The PI3K/AKT/HIF-1a pathway participated in succinate-induced AM polarization

and ALI after intestinal I/R.



Considering the crucial role of PISK/AKT/HIF-1a signaling in macrophage activation,
metabolism, and polarization[34], the roles of these signaling molecules in mediating the
effects of succinate were investigated. Succinate induced phosphorylation of AKT and
upregulation of HIF-1a in I/R-treated WT mice (Figure 7A-B) and succinate-treated MH-S
cells (Figure 7C-E). However, this upregulation was absent in Sucnrl” mice and MH-S

cells transfected with Sucnrl-siRNA (Figure 7A-E).

Succinate-induced polarized MH-S cells were treated with specific pharmacological
inhibitors of HIF-1a (2-MeOE2) and PI3K (LY294002), separately. Both 2-MeOE2 and
LY294002 suppressed succinate-induced upregulation of M1-related markers in MH-S
cells (Figure 7F) and succinate-polarized AM-induced apoptosis in MLE-12 cells (Figure
71 and Figure S7A-B). Inhibition of the PI3K/AKT pathway also abrogated
succinate-induced expression of HIF-1a at protein (Figure 7G) and mRNA (Figure 7H)

levels.

Plasma succinate levels correlated with intestinal I/R-related lung injury after

cardiopulmonary bypass in patients.

Intestinal I/R is a critical event and a leading risk factor for remote organ injury during
cardiac surgery with CPB [35]. Plasma succinate levels increased significantly 1 h after
CPB and returned to baseline levels 24 h after CPB (Figure S8A). Elevated succinate

levels (1 h after CPB) were significantly correlated with impaired lung function, as



reflected by a reduced PaO,/FiO, ratio and prolonged mechanical ventilation time (Figure
S8B-C). Moreover, elevated succinate levels were positively correlated with the
pulmonary surfactant D (SP-D) and TNF-a concentrations, which partly reflected alveolar
damage and inflammation, respectively (Figure S8D-E). The clinical characteristics of the

study participants are presented in Table S1.

Discussion

This study is the first to establish the role of gut microbiota-derived succinate in the
development of intestinal I/R-induced ALIl. We identified abnormal pulmonary succinate
accumulation and its close relationship with the imbalance of certain
succinate-producing/consuming bacteria. Succinate accumulation was absent in GF
mice and reversed by microbiota depletion with ABX oral administration in conventional
mice, indicating that the gut microbiota are a source of succinate. The exacerbation of
I/R-induced ALI by succinate was partially mediated by the succinate receptor SUCNR1
and its interference with AM polarization. This was demonstrated by the results showing
that the detrimental effects of succinate were abrogated in AM-depleted mice, SUCNR1
blockage mice, Sucnrl”™ mice, and a murine AM cell line with siRNA-induced Sucnrl
knockdown. Mechanistically, the PI3K/AKT/HIF-1a signaling involvement was verified in
vivo and in vitro. In humans, elevated plasma succinate levels were associated with lung
injury in patients undergoing CPB including intestinal I/R injury. Together, these data
indicate that gut microbiota-derived succinate promotes AM polarization and aggravates
ALl after intestinal I/R and that the SUCNR1 receptor and PI3K/AKT/HIF-1a signaling

pathways participate in this process.



Succinate accumulation is a common metabolic event in I/R, cancer, and obesity [36,37].
Here in this study, succinate abnormally accumulated in the cecal contents, intestinal,
plasma, and lung after intestinal I/R, which responsible for the subsequent lung injury.
Interestingly, it was reported that specific diets (such as high-fat diets, high-fiber diets and
elemental diets, etc) affect succinate levels and gut microbiota composition [38,39].
These studies open a new window for the exploration of the therapeutic potential of
various dietary interventions in intestinal I/R induced lung injury. In addition, we found that
pulmonary succinate accumulation correlated with the ratio of gut
succinate-producing/consuming bacteria and was accompanied by the disruption of
intestinal mucosal integrity. Our results suggest that similar to that seen in obese patients
and colitis mice [17,18], an imbalance between the families of intestinal bacteria classified
as succinate-producers (Prevotellaceae, Veillonellaceae, and Bacteroidaceae) and
succinate-consumers (Ruminococcaceae, Odoribacteraceae, and Clostridaceae) was
discovered in the gut. However, the composition of succinate-producing/consuming
bacteria was not significantly different between the groups in the lungs, indicating
accumulated succinate in the lungs was possibly derived from gut microbiota. We also
found that when oral administration with FAM fluorophore-conjugated succinate, the
green fluorescence intensity increased in the intestine and the lungs of I/R-challenged
mice (Figure S3C-D), indicating that the accumulated succinate in the lungs was, at least
in part, originated from the intestine that subsquently delivering through the gut-lung axis.
Consistent with this, gut microbiota depletion under ABX or germ-free conditions
abrogated pulmonary succinate accumulation during intestinal I/R (Figure 2C and I);

Meanwhile, fecal microbiota transplantation on GF mice with feces of I/R mice increased



lung succinate levels (Figure 3D). All the evidence suggests that succinate is likely
produced by the gut microbiota and acts as an important mediator of the gut—lung axis

during intestinal I/R.

Lung microbiota also plays a key role in lung immunity during inflammation. It was
reported that the variation in lung microbiota is associated with pulmonary inflammation
and injury, and is predictive of disease progression and clinical outcomes [40,41]. The
diversity and community composition of lung microbiota are correlated with alveolar
inflammation indices; Meanwhile, the absence of microbiota in GF mice protects against
mortality in the fibrotic lung [42]. In our study, 16S rRNA sequencing of lung microbiota
revealed that there were significant drops in Simpson index and Firmicutes/Bacteroidetes
ratio after I/R treatment. The lung microbiota changes may contribute to lung

inflammation and injuries during intestinal I/R.

We also found that succinate polarizes AMs towards the pro-inflammatory M1 phenotype
during intestinal I/R. AMs are highly specialized tissue-resident macrophages that
colonize the respiratory surface of the lungs and have the unique ability to dynamically
adapt to the local microenvironment via polarization into pro-inflammatory M1 or
anti-inflammatory M2 phenotypes [5, 6]. In this study, succinate treatment increased the
expression of M1 marker genes (Nos2, Ptgs2, Ccr7, and Tnf) and CD86°CD206™-AM

population after intestinal I/R. AM depletion completely inhibited succinate-induced



inflammation and ALI, suggesting a crucial role of polarized AMs in mediating the effects
of succinate. This is further supported by our in vitro experiments, which showed that
exogenous succinate augmented the expression of M1 marker genes in MH-S cells and

primary AMs.

We further prove that the succinate receptor SUCNR1 is crucial for succinate-induced
AM polarization. SUCNR1 is expressed on the membranes of resident macrophages in
the intestine, adipose tissue, and lung tumors [23, 25, 37]. A recent study showed that
upregulation and activation of SUCNR1 on intestinal macrophages increases the
expression of pro-inflammatory cytokines and M1 marker genes in intestinal and
peritoneal macrophages, while Sucnrl deficiency shifts the macrophages towards the M2
phenotype, thus protecting mice from colitis [23]. However, literature findings are not
unanimous. Another study demonstrated that SUCNR1 activation promotes polarization
towards the anti-inflammatory M2 phenotype in adipose tissue-resident macrophages
and increases the response to type 2 cytokines, including IL-4 [43]. Therefore, different
macrophages may respond differently to SUCNR1 activation. In the present study,
succinate treatment during intestinal I/R enhanced SUCNR1 expression on AMs.
SUCNRH1 activation promotes M1-polarization, amplifies lung inflammation, and leads to
ALI. In contrast, Sucnrl deficiency or utilization of a SUCNR1 neutralizing antibody
suppressed succinate-induced AM polarization and/or ALI. Hence, we concluded that the
effect of succinate on AM polarization during intestinal I/R is, at least in part, mediated by

the activation of SUCNR1 on AMs.



The current study also demonstrates the important role of HIF-1a in succinate-enhanced
intestinal I/R-induced ALI. Previous studies have shown that a sustained increase in
succinate induces the pro-inflammatory cytokine IL-1B via HIF-1a [44] and triggers
tumor-associated macrophage polarization via PI3K/AKT/HIF-1a signaling [35]. In this
study, a selective HIF-1a inhibitor abrogated succinate-induced AM polarization,
suggesting that HIF-1a activation is essential for this process. HIF-1a activates the
transcription of hypoxia-response genes, and HIF-1a inhibition has been associated with
regulating macrophage polarization by preventing anaerobic glycolysis involved in
glucose metabolism reprogramming [45]. Furthermore, we found that pharmacological
inhibitors of PI3K inhibited HIF-1a expression, and subsequent AM polarization and
alveolar epithelial cell apoptosis, suggesting that PI3K plays an important role in
regulating HIF-1a activation. However, like most GPCRs, SUCNR1 can activate multiple
signaling pathways in a cell-specific manner [46]. The exact signaling pathway and

functions of SUCNR1 require further research.

In addition, we observed increased plasma succinate levels after CPB, a procedure
associated with intestinal I/R. The over-release of succinate into circulation is likely
common during CPB, and intestinal I/R may participate in this process. Our study further
showed that succinate is particularly relevant to lung function impairment, alveolar
damage, and pulmonary inflammation. Therefore, succinate may represent a novel

circulating biomarker of intestinal I/R-related ALI during CPB.



This study has several limitations. First, excessive succinate may originate from dying
epithelial cells and glutamine-dependent anaplerosis in host cells [47]. Further studies
are warranted to investigate these host-derived sources of succinate. Second, although
the microbiota of mice was normalized by co-housing, there still have baseline difference
of microbiota in individual mice, which is a source of confounder in this microbial study [32,
33]. Third, succinate levels were only assessed in patients’ peripheral blood and not in
fecal samples because of the difficulty in collecting fecal samples from patients with
reduced intestinal peristalsis after cardiac surgery. Succinate levels should be
determined in fecal samples and blood, and gut microbiota characteristics should be
examined. Finally, further investigations are required to define the role of other
microbiome mediators (short-chain fatty acid, tryptophan metabolites, etc.), both remotely

from the gut and locally from within the respiratory tract, in the development of ALI.

In summary, we have shown that gut microbiota are the source of elevated succinate in
the lungs during intestinal I/R. Moreover, succinate exacerbates intestinal I/R-induced
ALI by modulating AM polarization. We also provide evidence that succinate exerts its
effects, at least partially, via the SUCNR1 and the PISK/AKT/HIF-1a pathways (Figure
8). These findings identified succinate as a microbiota metabolite that may be a valuable

target for the treatment of gut-derived ALl in critically ill patients.
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Figures and legends:

Figure 1: Elevated lung succinate was associated with dysbiosis and specific
changes in gut microbiota related to succinate metabolism during intestinal I/R.
(A) The succinate levels increased in the lung, cecal contents, intestine and serum after
1, 2, 4, 6, or 8 h of reperfusion. (B) Microbiota composition at phylum levels was altered,
and the Firmicutes/Bacteroidetes ratio was increased during intestinal I/R. (C) Intestinal
I/R lead to increases in succinate-producing species (Prevotellaceae, Tannerellaceae,
and Bacteroidacea) and decreases in succinate-consuming species (Ruminococcaceae,
Clostridiaceae, and Odoribacteraceae). (D) At the genus level, there was an increase in
the abundance of succinate-producing strains (Prevotellaceae UCG-001 and
Paraprevotellaceae spp.) and a decrease in the abundance of succinate-consuming
strains (Ruminococcaceae_1, Clostridiaceae 2, and Odoribacter spp.). (E) The
pulmonary succinate level was positively correlated with the ratio between succinate
producers (Prevotellaceae+ Tannerellaceae+Bacteroidacea, P+T+B) and succinate
consumers (Ruminococcaceae+Odoribacteraceae+Clostridiaceae, R+O+C)
[(P+T+B)/(R+O+C) ratio]. (F-G) The pulmonary succinate level was negatively correlated
with the mRNA levels of mucosa tight junction genes Tjpl and Ocln. Data are expressed
as mean + SEM. (A) n = 6-8; (B-G) n=10. P <0.05, P <0.01, P <0.001 vs. sham
group.

Figure 2: Elevated pulmonary succinate levels and intestinal I/R-induced lung
injury were reversed after gut microbiota depletion.

(A) Conventional mice, pseudo sterile mice depleted gut microbiota with antibiotics (ABX)
and Germ-free (GF) mice underwent sham- and I/R-operation, and succinate levels
and/or the degree of lung injury were measured. (B) ABX treatment has no effect on
body weight compared with PBS group (n = 6). (C) ABX treatment reversed succinate
increase in the lung, serum, cecal contents and intestine (n = 6). (D) Representative H&E
staining images (bar = 100 um). (E-H) The increases in histological scores, lung water

contents, protein contents of BALF and pro-inflammatory cytokines (TNF-a, IL-1 and



IL-6) were reversed after ABX treatment (n = 6). (I) Succinate level presented lower in
GF mice than that in conventional (CV) mice, either under sham-or I/R-operation (n = 3).
Data are expressed as mean + SEM. P < 0.01, P < 0.001, versus sham group; *P <
0.05, #P < 0.01, P < 0.001, vs. I/R group.

Figure 3: Transplantation with fecal microbiota of conventional I/R mice to GF
mice significantly aggravates lung injury and succinate accumulation. (A)
Germ-free (GF) mice were transplanted with the feces collected from conventional mice
that underwent a sham-operation (control group) and I/R-operation (I/R group)
intragastrically for 3 days, and the degree of lung injury and levels of succinate were
evaluated. (B-C) GF mice in the I/R group presented a higher level of histopathological
scores (bar = 200 ym) (B) and pro-inflammatory cytokines in serum or the lung (C) than
GF mice in the control group (n = 6). (E) Succinate levels were significantly increased in
GF mice in the I/R group compared with those in the control group (n = 6). Data are
expressed as mean + SEM. P <0.05, P <0.01, P <0.001, vs. control 24 h group; *P <
0.05, vs. control 48 h group.

Figure 4: Succinate polarized AM towards M1 phenotype and aggravated lung
injury after intestinal I/R. (A) C57BL/6J mice received intraperitoneal (i.p.) injection of 4
or 8 mM/kg/d succinate for 7 days before intestinal I/R. (B-E) Succinate
dose-dependently promoted lung histological damage as seen on H&E staining (bar =
200 pym) (n = 6), (B) and inflammation as demonstrated by histological score, lung water
contents, and the levels of BALF protein (C) and pro-inflammatory cytokines (D) after
intestinal I/R (n = 6). (E) Succinate enhanced the expression of M1-related genes (Nos2,
Ptgs2, Ccr7, and Tnf) while inhibiting the expression of M2-related genes (Argl, Retnla,
Ccl17, and 1110) (n = 6). (F) Succinate increased the population of CD86°CD206™ M1
macrophages, while reducing the numbers of CD86°CD206" M2 macrophages (n = 3).
Data are expressed as mean + SEM. P < 0.05, P < 0.01, P < 0.001, vs. PBS-alone
group; *P < 0.05, #P < 0.01, P < 0.001, vs. I/R-alone group.



Figure 5: Activation of AMs was essential for succinate-mediated lung injury
during intestinal I/R. (A) To deplete AMs, succinate-injected mice received
intratracheal (i.t.) injection with liposome-encapsulated clodronate 3 days prior to i.p.
injection of 8 mM/kg/d succinate. Control mice were injected with liposome-encapsulated
PBS. The AM depletion efficiency was analyzed by flow cytometry. (B-F) Depletion
alleviated succinate-induced lung damage and inflammation after intestinal I/R, as seen
by H&E staining (B) and histological score (bar = 200 um), lung water contents (D), the
levels of BALF protein (E), and BALF pro-inflammatory cytokines (F) (n = 6). Data are
expressed as mean + SEM. P < 0.05, "P <0.01, P < 0.001, vs. vehicle group; *P <
0.05, P < 0.01, P < 0.001, vs. vehicle+succinate group. (G-H) Succinate had no
direct effect on cell viability and apoptosis of MLE-12 cells, whereas co-culture with
succinate-induced polarized MH-S cells promoted MLE-12 cell apoptosis (n = 3) and
reduced cell viability (n = 6). Data are expressed as mean + SEM. P < 0.001, vs.

monoculture group.

Figure 6: SUCNR1 signaling mediated succinate-induced AM polarization and lung
injury after intestinal I/R. WT and Sucnrl™ mice received intraperitoneal (i.p.)
succinate injection (8 mM/kg/d) for 7 days before intestinal I/R. (A-D) The expression of
SUCNR1 on AMs was upregulated after succinate treatment. Succinate induced
increases in the Sucnr1*F4/80" cell population (A and B, arrows indicate the
colocalization of SUCNR1 and F4/80, bar = 50 ym) (n = 3), and the levels of Sucnrl
mMRNA (C) (n = 3) and protein (D) (n = 6) in AMs. Data are expressed as mean £ SEM. P
<0.05, "P <0.01, P < 0.001, vs. control group; #P < 0.01, vs. succinate group. (E)
Sucnrl deficiency attenuated succinate-induced lung injury as observed by H&E staining
(bar =200 uym (n = 6). (F) Sucnrl deficiency eliminated the succinate-induced
upregulation of M1-related genes (n = 6). (G) Anti-SUCNR1 antibody reduced lung injury
in mice, as seen by H&E staining (bar = 200 um) (n = 3). Data are expressed as mean +
SEM. *P < 0.05, vs. PBS group; *P < 0.05, vs. IgG group. (H) MH-S incubated with
anti-SUCNR1 inhibited the succinate-induced upregulation of M1-related genes (n = 6).
Data are expressed as mean + SEM. ~ P < 0.001, vs. control group; P < 0.01, #p <

0.001, vs. IgG+succinate group. (I) Sucnrl deficiency increase the percentage of



CD86"CD206™ M1-macrophages during intestinal I/R (n = 3). (J) Sucnrl deficiency
suppressed succinate-induced cell apoptosis in the lung during intestinal I/R (n = 3). (F,
H, 1) Data are expressed as mean + SEM. P <0.05, P <0.01, P <0.001, vs. WT mice
I/IR group; #P < 0.01, P < 0.001, vs. WT mice with succinate+I/R group. (K) In vitro,
Sucnrl deletion completely abolished succinate-induced apoptosis of MLE-12 cells
co-cultured with polarized AMs (n = 3). Data are expressed as mean + SEM. P < 0.05,
P <0.001, vs. WT mice PBS-treated group; "P < 0.001, vs. WT mice

succinate-treated group.

Figure 7: PI3BK/AKT/HIF-1a signaling was required for succinate-induced AM
polarization and lung injury following intestinal I/R. (A-B) The activation of HIF-1a
and phosphorylation of AKT were enhanced upon succinate treatment, while these
effects were reversed by Sucnrl deficiency in Sucnrl” mice during intestinal I/R injury
(A,n = 3; B,n = 6). Data are expressed as mean + SEM. P <0.05, P <0.01, P <
0.001, vs.WT mice I/R group; #P < 0.01, P < 0.001, vs. WT mice with succinate+I/R
group. (C-E) The upregulation of SUCNR1, HIF-1a and phosphorylation of AKT was
absent in Sucnrl” mice and MH-S cells transfected with Sucnr1-siRNA. (C, n = 3; D-E, n
= 6). Data are expressed as mean + SEM. P <0.05, P <0.01, P <0.001, vs.
PBS-treated MH-S group, ##P < 0.001, vs. Sucnrl-siRNA transfected MH-S cell line
combined with succinate-treated group. (F) In MH-S cells, the expression of M1-relate
genes was suppressed upon stimulation with 2MeOE2 (100 ymol/L) and LY294002 (10
pMmol/L) pretreatment (n = 6). (G-H) HIF-1a protein (G) (n = 3) or mRNA (H) (n = 6)
expression was downregulated upon LY294002 (10 ymol/L) pretreatment. (I) The
number of apoptotic MLE-12 cells was reduced upon stimulation with 2MeOE2 (100
pmol/L) and LY294002 (10 umol/L) pretreatment (n = 3). Data are expressed as mean +
SEM. "P < 0.01, P < 0.001, versus PBS group; *Pp < 0.001, vs.succinate-treated

group.

Figure 8: Gut microbiota-derived succinate acts as a key mediator of the gut-lung

axis in the pathogenesis of intestinal I/R-induced ALI. Schematic diagram illustrating



dysbiosis of microflora related to succinate metabolism (increase in succinate producers
and decrease in succinate consumers) and tight junction disruption leading to blood
transmission and succinate accumulation in the lung, where succinate exacerbates
intestinal I/R-induced ALI by promoting polarization of AMs towards the M1 phenotype,

partly through of Sucnrl-activated PISK/AKT/HIF-1a signaling.
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Supplemental materials and methods
Human subjects

Thirty adult patients who were scheduled for cardiac surgery with cardiopulmonary
bypass (CPB) were enrolled in the study between July 2019 and June 2020. Written
informed consent were obtained from all participants. Venous blood samples were
collected from all patients at various time points: before the operation or induction and 1,
6, 12 and 24 h after the surgery. Plasma succinate levels were determined. The study
protocol was approved by the Ethics Committee on Human Studies at Nanfang Hospital,

Southern Medical University (Guangdong, China).



Animals

Wild-type (WT) mice were obtained from Beijing HFK Bioscience Co., Ltd. (Beijing,
China). Sucnr1’- mice and germ-free (GF) mice were purchased from Cyagen
Biosciences Inc (Suzhou, China). All of the male mice, aged 6 — 8 weeks, were
maintained on the C57BL/6J genetic background. All mice recieve the same food with
standard rodent chows and were free access to drinking water throughout the study. All
mice were bred under specific pathogen-free conditions at the Animal Care and Use
Committee of Southern Medical University (Guangdong, China). All experimental
procedures were carried out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. The study protocol was approved by the
Animal Ethics Committee at Nanfang Hospital, Southern Medical University (Guangdong,

China).

Animal model

A previously described rodent model of intestinal I/R was used in this present study [1].
Briefly, after anesthesia with 4% isofurane, midline laparotomy was performed to
exteriorize the small intestine. Ischemia was achieved by occluding the superior
mesenteric artery (SMA) with a microvascular clip. After 60 min, the clip was removed to
allow reperfusion of the SMA. The cecal contents, distal small intestine, serum and lung
tissue were collected at 1, 2, 4, 6, and 8 h after reperfusion. Animals in the sham group
underwent the same operation without SMA occlusion. The samples were collected at

the same time points as in the I/R group.



Single-housing and co-housing experiments

WT mice were housed under single-housing and co-housing conditions as required.
Briefly, 40 mice were randomly assigned into cohorts of single-housing (one per cage, n
= 20) or co-housing (in a single cage, n = 20) conditions. Intestinal I/R opeartion and
sham operation were performed at 7th day of co-housing or single-housing (n = 10 per
group). The samples was collected for subsequent microbial analysis and biochemical

measurement at the baseline and different reperfusion time.

Depletion of AMs

For depletion of endogenous AMs, 75 uL clodronate-containing liposome suspension
(Yeasen, Shanghai, China) was administered by intratracheal injection 72 h before
succinate pre-treatment, based on a previous report [2] and our pilot experiments. Mice
of the control group received the same volume of control liposomes. Depletion of AMs

was assessed at 72 h after fluorescence staining of BALF cells.

In Vivo Neutralization of SUCNR1

Mice were injected with a singe dose of 100 pL anti-SUCNR1 antibody (Novus Biological;
2.5 pg/g) through the tail vein immediately after one hour of intestinal SMA occlusion [3].
An control 1gG isotype (R&D system) and PBS with the same volume were used as
control. All antibodies and solutions were sterile, azide-free and low-endotoxin, suitable

for in vivo administration.



Bronchoalveolar lavage

Mice were tracheostomized under anesthesia. Briefly, the trachea was exposed by
removing the skin of the upper body and neck of mice. The trachea was carefully
dissected clean of surrounding connective tissue, and a thread was introduced behind
the trachea. An opening of the trachea was made by cutting a small hole on the anterior
wall, and a severed 22-gauge needle was inserted through the hole. The thread
previously placed behind the trachea was tied around the needle to keep it in place.
Bronchoalveolar lavage was performed by gradually instilling 1 mL PBS into the lungs.
The PBS was then injected and withdrawn 10 times to ensure thorough sampling of the

bronchoalveolar compartment and maximized AM retrieval.

Lung edema assessment
The degree of lung edema was assessed by measurement of lung water contents. After
sacrifice with anesthesia, the lungs were removed. The wet weight of the lung was

obtained and then the lungs were dried for 72 h at 50°C and weighed again (dry weight).

Dividing the (wet weight-dry weight) by the wet weight gives the lung water contents.

Histological evaluation

H&E staining was performed in formalin-fixated (10% formalin, Biosharp)
paraffin-embedded tissue sections sliced at 5 ym thickness. The pathological score was
assessed as described previously [4-6]. The stained sections were graded by

experienced pathologies in a blinded fashion with regard to the following parameters:



alveolar congestion, hemorrhage, aggregation of neutrophils or leukocyte infiltration, and
thickness of the alveolar wall. Each feature was scored on a scale of 0 to 4, where: 0
means no injury, 1 means 25% injured, 2 means 50% injured, 3 means 75% injured and
4 means 100% injured. By adding the scores derived from these four parameters, a
composite lung injury score was obtained for each mouse, where 0 meant no lung injury

and 16 meant maximal lung injury.

Immunofluorescence

For immunofluorescence staining, lung tissue specimens were deparaffinized for
multiplexed staining using the Opal protocol followed by antigen retrieval according to
the manufacturer’s protocol (Perkin EImer, Waltham, MA, USA). Following cooling and
washing with TBST, nonspecific binding was blocked by incubating the tissue sections
with 10% normal goat serum (Boster, Biotech Co., Ltd. Wuhan, China) for 30 min. Tissue
sections were then incubated for 1 h at room temperature with the relevant primary
antibody, followed by secondary antibody goat anti-rabbit IgG H&L (horseradish
peroxidase [HRP] conjugated) (Abcam; 1:4,000). The following primary antibodies and
concentrations were used: F4/80 (Cell Signaling Technology; 1:1,000) and SUCNR1
(Novus Biological; 1:500). The tyramide signal amplification (TSA)-dye (Opal 7-Color
Manual IHC Kit, Perkin Elmer, Waltham, MA, USA) was applied on tissue sections after
washing. Sections were then washed twice with PBS, and nuclei were visualized by
mounting the sections in medium containing DAPI. All images were examined under a
BX63 Microscope System (Olympus Europa SE & Co. KG) and analyzed by ImageJ

software (v 1.52a, NIH, Bethesda, MD, USA).



FAM-succinate fluorescence labeling

Carboxylic acid fluorescein (FAM) were used to modify succinate to construct a
fluorescence-labeling molecular, FAM-succinate, which was synthesized by Genebio
Biotech (Guangzhou, China). Once the post-synthesis modification completed, the
molecular structure and representative mass spectra was confirmed (Figure S2A-B).
Mice were then treated with FAM-succinate (150 mM, 100 pL) intragastrically one day
before sham-operation or I/R-operation. Subsquently, blood, ileum and lung samples

were harvested for visualizing in vivo fluorescence intensity.

TUNEL assay

Apoptotic cells were visualized using a red fluorescent-tagged TUNEL kit (Roche,
Penzberg, Germany) following dewaxing and incubation with proteinase K. Cell nuclei
were labeled with blue DAPI. Tetramethylrhodamine-labeled nucleotides indicating DNA
strand breaks in apoptotic cells were visualized as red staining against a blue

background under a florescent microscope.

Isolation of primary AMs

Primary murine AMs were isolated from BALF obtained by lavage with 37°C PBS
containing 100 mM ethylenediaminetetraacetic acid (EDTA), and the purification was
performed using density centrifugation [7]. Briefly, BALF samples were centrifuged,

washed with Hanks balanced salt solution (HBSS), layered over a Percoll gradient (75%,



25%), and centrifuged at 1060 g for 30 min. Samples of the 25%—-75% interface were

revealed to contain more than 90% macrophages.

Cell culture

MH-S cells (a murine AM cell line) and MLE-12 cells (an alveolar epithelial cell line) were
obtained from American Type Culture Collection (ATCC) and cultured in complete
RPMI-1640 medium containing 10% fetal bovine serum (FBS), L-glutamine, penicillin,

and streptomycin at 37°C in humidified air containing 5% COs..

Transient cell transfection with Sucnr1

MH-S cells were transfected with siRNAs (50 nM) targeting mouse Sucnr1 and negative
control (NC) siRNAs (Sangon Biotech, Shanghai, China) the using Lipofectamine™
3000 Transfection Reagent (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s instructions. The siRNA sequences are listed in Table S3. The mRNA
and protein expression levels of SUCNR1 were analyzed to determine the efficiency of

transfection.

Co-culture assay and apoptosis analysis

MH-S cells or primary AMs isolated from the lung in Sucnri1”- mice were cultured on a
0.4-uym Transwell membrane insert (EMD Millipore, Danvers, MA), and MLE-12 cells
were cultured in wells of a 12-well culture plate. After 24-h in co-culture, the MLE-12 cells
were collected for assessment of apoptosis using the Annexin-V-FITC Apoptosis
Detection Kit (Vazyme Biotech Co., Ltd. Nanjing, China). The assay was performed

according to the manufacturer’s instructions. Annexin-V—positive cells were considered



apoptotic, and the analysis was performed using FlowJo software (v10.0, Tree Star,

Ashland, OR, USA).

Cell viability assay

Confluent MLE-12 cells (5x10%/plate) loaded in 96-well plates were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% FBS, and then treated with PBS
or succinate (1 mM) or co-cultured with succinate-induced polarized AMs. After 24 h,

cells were treated with MTT reagent (10 ul) for 4 h at 37°C and then with solubilization
solution (100 pl) at 37°C overnight. A Bio-Rad microplate reader (Model-680, Hercules,

CA, USA) was used to measure the absorbance of the solution in each well at 490 nm.
Wells containing only culture medium but no cells served as controls. All experiments

were repeated five times to ensure consistent results.

Flow cytometry

BALF samples were fixed in 4% formaldehyde immediately after lavage. Cells were then
suspended in FBS (BD Biosciences, USA) at a concentration of 108 cells per 100 pl.
FcyR was blocked, and cells were stained with either specific antibodies against surface
antigens in PBS with 2% FBS or intracellular antigens with the Intracellular Fixation &
Permeabilization Buffer Set (BD Biosciences, USA) according to recommended
protocols. A Fortessa Xll cytometer (BD Biosciences, USA) was used for flow cytometry.

Data were collected and analyzed with Flow Jo v10 software.

Enzyme-linked immunosorbent assay (ELISA)



The levels of TNF-a, IL-18 and IL-6 in BALF were measured using commercially
available ELISA kits (Boster Biotech, Wuhan, China) according to the manufacturer’s

protocols.

RT-PCR analysis

Extraction of total RNA from AMs or tissues was carried out using the TRIzol reagent
(Invitrogen). Reverse transcription of RNA into cDNA was performed using a PrimeScript
RT Kit (Toyobo). gPCR was performed on a BioRad iQ5 real-time PCR machine using
SYBR Green PCR Master Mix (Toyobo). GAPDH was used as the housekeeping gene

control. The primers used to amplify the major targeted genes are listed in Table S3.

Western blotting
Cell lysates from primary AMs or MH-S cells were centrifuged at 15,000g for 20 min at

4°C to eliminate cell debris. After protein extraction, the total protein concentration was

determined using the Bradford Protein Assay (Keygen Biotech, Nanjing, China)
according to the manufacturer’s instructions. Total protein (50 pg per sample) was
separated on gels and then electroblotted onto polyvinylidene difluoride (PVDF)
membranes. The membranes were probed overnight with the relevant primary
antibodies: anti-SUCNR1 (1:500), anti-HIF-1a (1:1,000), anti-phospho-AKT (1:2,000),
anti-total-AKT (1:1,000), and anti-B-actin (1:500). This was followed by incubation with
secondary HRP-conjugated mouse antibodies (1:10,000). Membranes were developed
using an enhanced chemiluminescence system (Thermo Fisher Scientific). Bands were

analyzed and quantified using the ImageJ software (version 1.52a).
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Table S1: Demographic and clinical characteristics of the study population (n=30)

Characteristics

Sex (male/female) 14/16

Age (years) 55.5+£1.9
BMI (kg/m?) 23.7+1.3
ASA physical status, I, Il 3/27
Perioperative EF (%) 58.7£1.6
Duration of anesthesia (min) 315.818.4
Operation time (min) 263.7+7.8
CPB time (min) 132.417.2
Mechanical ventilation time (h) 24512 3
ICU stay (h) 90.3+10.5
Blood loss (ml) 345.0£15.6
Blood transfusion (ml) 434.7+42 .1
In-hospital stay (days) 20.8+1.4

Data are presented as the mean £ SEM or in parameter counts.
ASA, American Society of Anesthesiologists; BMI, body mass index;

CPB, cardiopulmonary bypass; EF, ejection fraction.



Table S2: Antibodies and Reagents

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-SUCNR1 Novus NBP1-00861
Rat anti-mouse F4/80 Abcam ab53444
Anti-HIF1a Cell Signaling 36169
Anti-phospho-Akt(Ser473) Cell Signaling 4060
Anti-Akt Cell Signaling 4691
Anti-phospho-p38 MAPK Cell Signaling 4511
(Thr180/Tyr182)

Anti-p38 MAPK Cell Signaling 8690
Anti-phospho-NF-kB p65 (Ser536) Cell Signaling 3033
Anti-NF-kB p65 (Ser536) Cell Signaling 8242S
HRP-goat anti-rabbit IgG(H+L) Proteintech SA00001-2
Rabbit IgG control R&D systems AB-105-C
FITC anti-mouse F4/80 (Clone BM8)  eBioscience 11-4801-82
PE anti-mouse CD11c (Clone N418)  eBioscience 12-0114-81
PE cyanine7 anti-mouse CD86 €Bioscience 25-0862-82
(Clone GL1)

APC anti-mouse CD206 (Clone €Bioscience 17-2061-82
MR6F3)

Purified rat anti-mouse BD Biosciences 553141
CD16/CD32(Mouse BD Fc Block™)

Chemicals & Reagents

Succinic acid BioReagent Sigma-Aldrich S9512
Ampicillin Macklin 69-53-4
Neomycin Macklin 1405-10-3
Metronidazole Macklin 443-48-1
Vancomycin Macklin 1404-90-6
Clodronate liposomes Vrije Universiteit 40337ES08

Amsterdam




Control liposomes (PBS) Yeasen Biotech 40338ES08
2-MeOE2 Selleck S1233
Bay11-7082 Sigma-Aldrich B5556
LY294002 Beyotime S1737
SB202190 Macklin Biotech S854645
Percoll gradient Solarbio Science & P8370
Technology
RPMI 1640 Thermo Fisher 11875085
Trypsin 0.25% EDTA Thermo Fisher 25200072
Fetal bovine serum Thermo Fisher 10099141
Stain buffer FBS BD Biosciences 554656
DAPI Roche 216276
FAM-succinate Genebio Biotech
Key Commercial Assays
Mouse TNF-a ELISA kit Boster Biotech EK0527
Mouse IL-6 ELISA kit Boster Biotech EK0411
Mouse IL-18 ELISA kit Boster Biotech EK0394
Cytofix/Cytoperm Soln kit BD Biosciences 554714
Annexin-V-FITC apoptosis detection kit Vazyme Biotech A211-02
TUNEL apoptosis detection kit Roche 11684817910
SYBR® Green Realtime PCR Master Toyobo QPK-201
Mix
Lipofectamine 3000 Thermo Fisher L3000001
Cell Lines
Mouse cell line: MH-S ATCC CRL-2019

Mouse cell line: MLE-12 ATCC CRL-2110




Table S3. siRNA sequences and primer sequences used for RT-qPCR

siRNA sequences used for Sucnr1 silencing

Sucnr1 siRNA 5-GAAUCAACAAGCAGCCAAUTTATAT-3’ (sense)
5-AUUGGCUGCUUGUUGCUUCTTATdT-3’(antisense)
Scramble control 5-CGAGGAGACUUCCGAAUCUAUdTdT-3’'(sense)
5-ACGUGACACGUUCGGAGAATTATdT-3'(antisense)
Primer sequences used for RT-PCR analysis of ZONAB

Sucnri 5-CATATCATGCGCAATTTGAGGA-3'(forward)
5-GCCGTGTCAGTGTGTATATAGA-3'(reverse)
Hifla 5-GAATGAAGTGCACCCTAACAAG-3’(forward)
5-GAGGAATGGGTTCACAAATCAG-3'(reverse)
Nos2 5-TTCTGTGCTGTCCCAGTGAG-3'(forward)
5-TGAAGAAAACCCCTTGTGCT-3'(reverse)
Ptgs2 5-ATTCCAAACCAGCAGACTCATA-3 (forward)
5-CTTGAGTTTGAAGTGGTAACCG-3'(reverse)
Ccr7 5-GATGACTACATCGGCGAGAATA-3 (forward)
5-ACGAAGCAGATGACAGAATACA-3’'(reverse)
Tnf 5-AGGGTCTGGGCCATAGAACT-3'(forward)
5-CCACCACGCTCTTCTGTCTAC-3'(reverse)
Arg1 5'-CATATCTGCCAAAGACATCGTG-3'(forward)
5-GACATCAAAGCTCAGGTGAATC-3'(reverse)
Retnla 5-ATCGTGGAGAATAAGGTCAAGG-3'(forward)
5-TTGACACTAGTGCAAGAGAGAG-3'(reverse)
1110 5-TTCTTTCAAACAAAGGACCAGC-3’'(forward)
5-GCAACCCAAGTAACCCTTAAAG-3'(reverse)
Ccl17 5-GATTACTTCAAAGGGGCCATTC-3'(forward)
5-GCCTTCTTCACATGTTTGTCTT-3'(reverse)
Tjip1 5'-AGAGACAAGATGTCCGCCAG-3'(forward)
5-TGCAATTCCAAATCCAAACC-3'(reverse)
Oclin 5-CATTTATGATGAACAGCCCC-3'(forward)
5-GGACTGTCAACTCTTTCCGC-3'(reverse)
18S 5-CGATCCGAGGGCCTCACTA-3'(forward)

5-AGTCCCTGCCCTTTGTACACA-3'(reverse)

RT-PCR, reverse transcription polymerase chain reaction; siRNA, small interfering RNA.
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Figure S1: Elevated lung succinate during intestinal I/R was associated with the

imbalance of succinate-producing and -consuming bacteria in the gut of

co-housed mice. (A-B) The alpha and beta diversity of gut (A) and lung microbiota (B)

declined after intestinal I/R. (C) Lung microbiota composition at phylum levels during

intestinal I/R. (D) Representative species of Bacteroidaceaes family and Firmicutes

family in lung microbial community. (A) n = 10; (B-D) n = 8-10. Data are expressed as
mean + SEM, 'P < 0.05, "P < 0.01, vs. sham group.
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Figure S2: Elevated lung succinate was associated with the imbalance of
succinate-producing and -consuming bacteria in the gut of singly housed mice. (A)
The alterations of succinate levels in the lung, cecal contents, intestine and serum after 1,
2,4, 6, or 8 h of reperfusion.(n = 8-10, sham group vs. I/R group). (B-C; F-G) The alpha

and beta diversity, and microbial composition at the phylum level in the gut microbiota



(B-C) , and the lung microbiota (F-G) of single-housed mice underwent intestinal I/R. (D;
H) Representative species of Bacteroidaceaes family and Firmicutes family in gut (F),
and lung (H) microbial community.(E) The pulmonary succinate level was positively
correlated with the ratio between succinate producers (Prevotellaceae) and succinate
consumers (Clostridiaceae, C) [(P)/(C) ratio]. (B—H) n = 9-10. Data are expressed as
mean + SEM, "P < 0.05, P < 0.01, ”"P < 0.001,vs. sham group.
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Figure S3: Succinate is probably an important mediator derived from gut
microbiota that promotes intestinal I/R-induced ALI through the gut-lung axis. (A)
The molecular structure of FAM-succinate. (B) Representative mass spectra of
FAM-succinate. (C) Mice treated with FAM-succinate (150 mM) intragastically presented
higher levels of fluorescence signal intensity in the gut and lung after intestinal I/R (n = 3).
Data are expressed as mean + SEM, *P < 0.001, "P < 0.01, vs. PBS group.
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Figure S4: Succinate polarized AMs towards M1 phenotype and aggravated lung
injury after intestinal I/R. Succinate polarized AMs towards M1 phenotype. In primary
AMs (A) and MH-S cells (B), succinate increased the mRNA expression of M1 marker
genes (Nos2, Ptgs2, Ccr7, and Tnf) in a dose- and time-dependent manner (n = 6). Data

*kk

are expressed as mean £ SEM, "'P < 0.001, vs. PBS group.
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Figure S5: Activation of AMs was essential for succinate-mediated lung injury
during intestinal I/R. (A) The number of F4/80*CD11c* macrophages in the lung was
significantly reduced after clodronate treatment (n = 3). Data are expressed as mean +
SEM, ™P < 0.001, vs.vehicle group. (B) Succinate had no effect on the apoptosis of
MLE-12 cells (n = 3). Data are expressed as mean + SEM. “'P < 0.001, vs. PBS group.
(C) Co-culture with succinate-induced polarized MH-S cells increased the number of
apoptotic MLE-12 cells (n = 3). Data are expressed as mean + SEM. P < 0.001, vs.

monoculture group.
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Figure S6: SUCNR1 signaling mediated succinate-induced AM polarization and

lung injury after intestinal I/R. (A) Sucnr1 deficiency attenuated succinate-induced



lung inflammation and the levels of pro-inflammatory cytokines (n = 6). Data are
expressed as mean + SEM. 'P <0.05,”P < 0.01, P < 0.001, vs. WT mice I/R group; #P
< 0.01, vs. WT mice with succinate+l/R group. (B) SUCNR1 antibody reduced lung
inflammation, BALF protein levels and the degree of lung edema (n = 3). Data are
expressed as mean = SEM. *P < 0.05, vs. PBS group; P < 0.05, #P < 0.01, vs. IgG
group. (C) Sucnr1 deficiency increased the percentage of CD86*CD206~ M1
macrophages observed during intestinal I/R (n = 3). Data are expressed as mean + SEM.
P <0.001, vs. WT mice I/R group; ##P < 0.001, vs. WT mice with succinate+I/R group.
(D) Sucnr1 deficiency completely reversed apoptosis of MLE-12 induced by
succinate-induced polarized AMs (n = 3). Data are expressed as mean + SEM, P <
0.001, vs. WT mice PBS-treated group; ##P < 0.001, vs. WT mice succinate-treated
group. (E) Sucnr1 deficiency suppressed succinate-induced cell apoptosis in the lungs
during intestinal I/R. TUNEL-positive cells are represented by red spots with
DAPI-stained blue background (n = 3). Data are expressed as mean + SEM. “P < 0.01,
P <0.001, vs.WT mice I/R group; ##P < 0.001, vs. WT mice with succinate+I/R group.
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Figure S7: PISK/AKT/HIF-1a pathway mediated succinate-induced apoptosis of
alveolar epithelial cells. (A) Representative images of apoptosis assay results obtained
by flow cytometry. (B) The succinate-induced increase in apoptosis of MLE-12 cells was
suppressed upon pretreatment with 2MeOE2 (100 umol/L) and LY294002 (10 umol/L) (n
= 3). Data are expressed as mean + SEM. P < 0.001, vs. PBS group; #P < 0.01, ##P <
0.001, vs. succinate-treated group.
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Figure S8. Plasma succinate level correlated with lung injury in cardiac surgical
patients after cardiopulmonary bypass (CPB). (A) The levels of plasma succinate
were generally increased in patients after CPB surgery. T1, 1 day before surgery or
before anesthesia induction; T2, 1 h after surgery; T3, 6 h after surgery; T4, 12 h after
surgery; T5, 24 h after surgery. (B-E) Correlation between plasma succinate and
oxygenation index (PaO2/FiO2) (B), mechanical ventilation time (MVT) (C), and
surfactant protein-D (SP-D) (D) and TNF-a (E) levels in surgical patients (Spearman’s

rank correlation). (n = 30). Data are expressed as mean + SEM, "P < 0.01, "'P < 0.001,

vs. T1 group.
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