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A metabolite from commensal Candida albicans enhances the
bactericidal activity of macrophages and protects against sepsis
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The gut microbiome is recognized as a key modulator of sepsis development. However, the contribution of the gut mycobiome to
sepsis development is still not fully understood. Here, we demonstrated that the level of Candida albicans was markedly decreased
in patients with bacterial sepsis, and the supernatant of Candida albicans culture significantly decreased the bacterial load and
improved sepsis symptoms in both cecum ligation and puncture (CLP)-challenged mice and Escherichia coli-challenged pigs.
Integrative metabolomics and the genetic engineering of fungi revealed that Candida albicans-derived phenylpyruvate (PPA)
enhanced the bactericidal activity of macrophages and reduced organ damage during sepsis. Mechanistically, PPA directly binds to
sirtuin 2 (SIRT2) and increases reactive oxygen species (ROS) production for eventual bacterial clearance. Importantly, PPA
enhanced the bacterial clearance capacity of macrophages in sepsis patients and was inversely correlated with the severity of sepsis
in patients. Our findings highlight the crucial contribution of commensal fungi to bacterial disease modulation and expand our
understanding of the host-mycobiome interaction during sepsis development.
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INTRODUCTION
Sepsis, characterized by a dysregulated inflammatory response to
a bacterial infection and clearance, is defined as a life-threatening
organ dysfunction syndrome [1]. Despite the significantly
increased awareness of the pathological and molecular basis of
sepsis, as well as many advances in its diagnosis and treatment,
the mortality rate of sepsis remains approximately 25–30% and
may even increase to 40–50% when including the consequences
of septic shock [2–4]. To combat sepsis progression, novel
treatment strategies are being designed to enhance host defenses
for the timely clearance of bacteria.
Macrophages, a significant contributor to the host defense

against microbial infections, recognize microbial pathogens and
secrete inflammatory cytokines and chemokines to facilitate the
engulfment of pathogens in phagosomes [5]. In addition, the
production of reactive oxygen species (ROS) begins abruptly after
phagocytosis. A high level of ROS production directly contributes
to the rapid and efficient killing of phagocytized pathogens [6, 7].
In macrophages, nicotinamide adenine dinucleotide phosphate
(NADPH), which is regulated by sirtuin 2 (SIRT2), is a key modulator

of ROS generation [8]. SIRT2 mediates deacetylation and activation
of glucose-6-phosphate dehydrogenase (G6PD) to supply cytosolic
NADPH to counteract the damage caused by excessive ROS [9].
Loss of SIRT2 increases bacterial phagocytosis by macrophages
[10]. Hence, controlling SIRT2-mediated ROS production in
macrophages is a potential therapeutic strategy for sepsis.
Accumulating evidence suggests that gut microorganisms

regulate pathophysiological functions in humans [11–14]. How-
ever, the roles of gut fungi in health and disease have been
underappreciated compared to those of commensal gut bacteria,
and the study of resident fungal communities is still in its infancy.
Intestinal fungi, including Saccharomyces cerevisiae [15], Sacchar-
omyces boulardii [16], Malassezia [17], and Candida albicans
(C. albicans) [18], may influence gut microbiota community
structure, alter the generation and consumption of key metabolites,
and influence host health and disease development in the gut and
at peripheral sites. Our previous findings showed that C. albicans
can directly promote the progression of liver diseases [19, 20],
indicating its role in pathogenesis. Recently, the importance of
commensal fungi-derived metabolites [21] in relation to the
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functions of several organs was highlighted [22–25]. However,
interactions between the metabolites from gut commensal fungi
and the host in the context of sepsis remain poorly understood. In
this study, we systematically evaluated the impact of phenylpyr-
uvate (PPA) derived from commensal C. albicans on sepsis
development, which may provide a novel therapeutic approach
to limit the severity of sepsis.

RESULTS
A C. albicans metabolite, but not C. albicans alone,
ameliorated bacterial sepsis
Clinicians primarily view fungi negatively as they focus on invasive
infections caused by C. albicans and other fungal species. Recent
studies have shown that fungal commensals provide multiple
benefits in protecting against invasive infection [18]. To under-
stand whether there was a potential correlation between
C. albicans and bacterial sepsis, we first assessed the abundance
of C. albicans in the feces of healthy subjects and patients with
bacterial sepsis (no antifungal drugs were taken as indicated by
clinical diagnosis). Unexpectedly, C. albicans was significantly
decreased in bacterial sepsis patients compared to healthy
subjects (Fig. 1A). C. albicans is the most common fungus in the
human intestine, but not in mice [26]. To generate a murine sepsis
model that more closely resembles human sepsis and to further
evaluate the effect of C. albicans on bacterial sepsis, we employed
the following two widely used strains of commensal C. albicans:
ATCC 10231 and ATCC MYA-2876 (SC 5314). Live or heat-killed
C. albicans was orally administered, and both strains significantly
increased sepsis-related mortality after CLP compared to that after
CLP without C. albicans administration (Figs. 1B and S1A, B),
indicating the harmful effects of C. albicans. Surprisingly, admin-
istration of the supernatant (Sup) from cultures of either
C. albicans strain prolonged the survival time of CLP mice
compared to that of CLP mice administered blank medium
(Med, Fig. 1B–D). In addition, improvement of sepsis patients was
confirmed by the serum levels of ALT, AST, and cytokines (TNF-α
and IL-6) at 12 h after CLP (Figs. 1E, F and S1C, D) and the
diminished pathological changes in the lungs (Fig. 1G, H).
Moreover, supernatant-treated mice had significantly reduced
mRNA levels of TNFα, IL-1B, CXCL1, CXCL2, and CCL4 in the
peritoneal lavage fluid (PLF, Fig. S1E), lung (Fig. S1F), and liver
(Fig. S1G) samples compared to the medium-treated controls.
These results suggest the presence of molecules that protect
against sepsis in the supernatant of C. albicans culture.

C. albicans culture supernatant promoted bacterial clearance
by macrophages
As effective and rapid bacterial clearance is a fundamental
determinant of sepsis outcomes [27], we treated mice with
supernatant from C. albicans culture and assessed the bacterial
counts (12 h after CLP) in blood, PLF, and liver samples. Treatment
with the supernatant significantly reduced the bacterial counts
(Fig. 1I–K). We therefore investigated whether the supernatant
modulates the intrinsic antibacterial functions of phagocytes
(including neutrophils and macrophages). Bone marrow-derived
macrophages (BMDMs) and neutrophils were isolated and treated
with supernatant from C. albicans culture or blank medium. In
neutrophils, preincubation with the supernatant did not influence
bacterial phagocytosis and killing upon live Escherichia coli (E. coli,
gram-negative) or Staphylococcus aureus (S. aureus, gram-positive)
infection (Fig S2A, B). Next, fluorescent E. coli bioparticles, E. coli, or
S. aureus were added to assess the phagocytosis capacity of the
BMDMs, and there was increased phagocytosis of all three by the
supernatant-treated BMDMs compared to that of the medium-
treated BMDMs (Fig. 1L–N). In addition, to determine the
bactericidal activity, we infected BMDMs with E. coli or S. aureus.
The supernatant-treated BMDMs had significantly increased

bactericidal activity after bacterial infection compared to the
medium-treated BMDMs (Fig. 1O, P). These results suggest that
the beneficial effect of the C. albicans culture supernatant was
associated with increased macrophage bactericidal activity.

The protective effect of C. albicans culture supernatant was
dependent on phenylpyruvate (PPA)
To determine which C. albicans metabolite contributes to the
protective effect in CLP-induced septic mice, we performed a
nontargeted metabolomics analysis of both the supernatant and
blank medium. Principal component analysis (PCA) showed a
prominent shift in the metabolic profile of the supernatant
(Fig. 2A) compared to that of the medium. A volcano plot showed
that 57 compounds were significantly enriched in the supernatant
(fold change > 1.2, P < 0.001, Fig. 2B). We focused on PPA because
(1) its abundance was significantly higher in the supernatant than
in the medium (Fig. 2C, D), as confirmed by quantitative gas
chromatography–mass spectrometry (GC/MS, Figs. 2E and S3A);
(2) PPA-treated mice had a significantly longer survival time than
untreated CLP mice (Fig. 2F), and multiple organ damage at 12 h
after CLP (involving pathological changes in the lungs, ALT, AST,
and in the expression of inflammatory factors) was also markedly
decreased by PPA (Figs. 2G, H and S4A–C); and (3) the total
bacterial load in blood, PLF, and liver samples was significantly
reduced by PPA (Fig. 2I–K).
To the best of our knowledge, in C. albicans, PPA is mainly

produced by conversion of the aromatic amino acid phenylalanine
(Phe) by aromatic-amino-acid:2-oxoglutarate transaminase (ARO9,
Fig. 3A). To verify the ability of C. albicans to produce PPA and
determine the mechanism of PPA production, the supernatants of
wild-type or ARO9-overexpressing C. albicans and the supernatant
of wild-type C. albicans cultured in synthetic low-dextrose (SLD)
medium with or without 300 μg/mL Phe (Supphe+ and Supphe−,
respectively) were used. GC/MS analysis of ARO9-overexpressing
vs. wild-type C. albicans supernatant revealed that ARO9 over-
expression enhanced PPA production (Fig. 3B). GC/MS analysis
also showed that wild-type C. albicans cultured in SLD medium
without Phe (Supphe−) produced negligible PPA compared to wild-
type C. albicans cultured in SLD medium with Phe (Supphe+)
(Fig. 3C).
To study whether the substrate Phe and downstream derivative

phenyllactic acid (PLA) of PPA influence the pathological
progression of sepsis, we pretreated mice with Phe or PLA and
then performed CLP. There was no significant difference in the
survival rate between the two groups (Fig. S5A, B), demonstrating
that neither Phe nor PLA affected sepsis progression. Next, we
investigated whether the lack of Phe affects C. albicans growth. As
shown in Fig. S5A, D, no significant difference between the two
groups was observed, indicating that the absence of Phe does not
affect the growth of C. albicans. However, compared to Supphe+

mice, Supphe- mice exhibited significantly shorter survival time
after CLP (Fig. 3D), had more pathological changes in the lungs,
such as alveolar septal thickening (Fig. 3E), and had marked
increases in ALT, AST (Fig. 3F), and inflammatory mediator
expression (Fig. S5E–G). In addition, we explored whether the
lack of C. albicans-derived PPA affected the bacterial load in blood,
PLF, and liver samples after CLP. Compared to Supphe+ mice,
Supphe− mice had a greater number of bacterial colonies,
indicating that a lack of PPA indeed significantly increased the
bacterial load (Fig. 3G–I). Furthermore, Supphe−-treated BMDMs
exhibited decreased phagocytosis and bacterial killing compared
to Supphe+-treated BMDMs (Fig. 3J, K).
Next, we pretreated mice with live wild-type or ARO9-over-

expressing C. albicans (CA or CA-ARO9, respectively) before CLP
and found that the latter had improved survival rates (Fig. 3L),
decreased lung injury (Fig. 3M) and serum ALT and AST (Fig. 3N),
and reduced bacterial colony-forming units (CFUs) in blood, PLF,
and liver samples (Fig. 3O–Q). These data clearly demonstrate the
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key function of C. albicans-derived PPA in protecting against
sepsis.

Macrophages were required for the PPA-mediated protection
against sepsis
To further determine the role of PPA in sepsis protection, we then
assessed the effect of PPA on bacterial growth, and no significant
differences in bacterial growth (E. coli and S. aureus) were found
between the PPA-treated and untreated groups (Fig. S6A, B),
confirming that PPA may affect bacterial clearance by facilitating
the bactericidal activity of host immune cells. To verify this
hypothesis, we carried out in vitro studies. Initially, we assessed
the cytotoxicity of 1–500 μM PPA by using Cell Counting Kit-8
(CCK-8) assays in BMDMs infected with heat-killed E. coli or
S. aureus and found that PPA had no toxic effects on cell viability
at the concentrations tested (Fig. S6C, D). Hence, a concentration
of 100 μM PPA was used in the following experiments. As
expected, PPA significantly increased the phagocytotic capacity
of BMDMs (Fig. 4A–C). In addition, it also increased bacterial
killing, as evidenced by the number of CFUs (Fig. 4B, C). In
contrast, there was no significant change in the phagocytosis and
bacterial killing of neutrophils when comparing the PPA-treated
and negative control groups (Fig. 4D, E).
Next, we further investigated the role of macrophages and

neutrophils in PPA-mediated protection against sepsis in vivo.
Mice were treated with clodronate liposomes (Lipo) or Ly6G
antibody to deplete macrophages and neutrophils prior to CLP,
respectively. Depleting macrophages dramatically impaired the
organ protection (Fig. 4F, G) and bacterial clearance (Fig. 4H) of
septic mice treated with PPA. Consistently, the mRNA expression
of cytokines in PLF from septic mice after pretreatment with Lipo
was not alleviated by PPA administration (Fig. S7A). In contrast,
enhanced organ protection (Fig. 4I, J) and bacterial clearance
(except liver, Fig. 4K), as well as markedly decreased expression of
inflammatory factors (Fig. S7B), were still observed in PPA-treated
septic mice after the depletion of neutrophils. These results
suggest that macrophages may be associated with the beneficial
effect of PPA in sepsis.

PPA directly binds to SIRT2 in macrophages
Next, we explored the molecular mechanisms of PPA in the
regulation of bactericidal activity. We conducted a drug affinity
responsive target stabilization (DARTS) assay to identify the
potential molecular target of PPA. DARTS detects ligand-bound
targets in lysates based on the principle of small-molecule binding
proteins being protected and thereby enriched during proteolytic
digestion (Fig. 5A). To conduct the DARTS assay, we incubated PPA
or DMSO with BMDMs lysate or Raw 264.7 lysate and then
conducted pronase degradation. We found that a Coomassie blue-
stained band at 40–55 kD was enriched by PPA treatment, likely
due to PPA binding leading to resistance to pronase degradation
(Fig. S8A, B). Next, virtual screening involving a molecular docking/
scoring strategy was carried out to identify the most likely PPA
target, and SIRT2 was the top-ranked protein among the proteins
that fell within the expected molecular weight range (40–55 kD)
and were associated with bacterial clearance.
The PPA–SIRT2 interactions were confirmed by SIRT2 immuno-

blotting using DARTS-processed BMDMs and Raw 264.7 lysates
(Fig. 5B, C). Furthermore, the PPA–SIRT2 interactions were
evaluated by cellular thermal shift assay (CETSA). As expected,
PPA incubation stabilized SIRT2 in the heat-denatured BMDMs and
Raw 264.7 lysates (Fig. S8C, D). Moreover, surface-plasmon
resonance (SPR) analysis showed a direct interaction between
PPA and SIRT2 that was dose-dependent, suggesting a high
binding affinity (Fig. 5D). Molecular docking analysis results
identified the four key residues present in the active pocket
(ARG97, PHE119, VAL233, and PHE234) of the SIRT2 protein that
may interact with the PPA molecule (Fig. 5E). We further examined

whether the binding between PPA and SIRT2 influences SIRT2
biochemical activities by testing the acetylation level of α-tubulin,
as SIRT2 inhibition is correlated with tubulin hyperacetylation [28].
As expected, PPA was found to increase the acetylation level of α-
tubulin after bacterial infection (Fig. S8E). Collectively, these data
suggest a direct interaction between PPA and SIRT2 in macro-
phages and inhibition of the deacetylation activity of SIRT2 after
bacterial infection.

PPA-mediated bacterial killing relies on SIRT2-dependent ROS
production
ROS generation by the NADPH oxidase complex is critical for the
host’s defense against pathogens [29–31]. SIRT2 regulates NADPH
homeostasis and ROS production by controlling G6PD acetylation
and activities [9]. In this context, we investigated whether PPA
could enhance ROS production by macrophages after bacterial
infection by regulating the SIRT2/G6PD/NADPH axis. Interestingly,
PPA treatment significantly reduced G6PD activity and NADPH
levels in BMDMs after E. coli or S. aureus infection (Fig. 5F, G). As a
result, PPA significantly increased the ROS level in macrophages
(Fig. 5H), indicating that the key mechanisms behind the PPA-
mediated bacterial killing by macrophages were related to an
increase in ROS levels.
Next, we tested the effects of N-acetylcysteine (NAC), a ROS

inhibitor, on PPA-mediated bacterial killing by BMDMs. Bacterial
killing was significantly decreased by NAC pretreatment followed
by PPA treatment compared to that following PPA-only treatment
(Fig. 5I, J). Similarly, pretreatment with mitoTEMPOL (MiT), a
mtROS scavenger, also decreased bacterial killing by macrophages
(Fig. 5K, L), indicating that the effect of PPA on bacterial killing by
macrophages was dependent on ROS generation.
To further validate the SIRT2-dependent effects of PPA on

bacterial clearance, we next knocked down SIRT2 in BMDMs using
SIRT2 siRNA (Fig. S9A). SIRT2 knockdown (relative to the negative
control siRNA group) significantly diminished PPA’s promotion of
bacterial clearance by BMDMs after S. aureus or E. coli infection
(Fig. 5M, N) and significantly abolished PPA’s inhibition of G6PD
activity in BMDMs (Fig. 5O) and intracellular NADPH production
(Fig. 5P), thereby abolishing PPA’s promotion of ROS production in
BMDMs (Fig. 5Q). In addition, SIRT2 overexpression (relative to the
empty plasmid transfection group) significantly reversed PPA’s
promotion of bacterial clearance by BMDMs after S. aureus or E.
coli infection (Figs. 5R, S and S9B) and significantly reversed PPA’s
inhibition of G6PD activity and NADPH production (Fig. 5T, U),
which resulted in insufficient ROS production and thus limited
clearance of bacteria after PPA treatment (Fig. 5V). Collectively,
these results indicate the indispensable nature of SIRT2-
dependent ROS production in the PPA-induced increase in
bacterial killing by BMDMs.

Evaluation of C. albicans culture supernatant and PPA
treatment in a porcine model of E. coli-induced sepsis
To further verify the protective effect of C. albicans culture
supernatant (Sup) and PPA in vivo in a clinically relevant large-
animal model of sepsis, 12 pigs were prepared as described in the
Methods section and Fig. 6A. No obvious differences in health or
behavior were observed before the experiment. Serum concen-
trations of ALT and AST were recorded after euthanasia of the
pigs, and the values before E. coli administration were also
calculated. Although no significant differences were observed
before E. coli administration, serum biomarkers indicated that liver
damage was substantially reduced in the Sup- or PPA-treated
septic pigs compared to the corresponding controls (Fig. 6B, C).
Moreover, compared with vehicle pretreatment, histological
analysis revealed that lungs from Sup- or PPA-treated pigs
exhibited less pulmonary vascular congestion and edema
(Fig. 6D, E). We then determined whether Sup or PPA could
enhance bacterial clearance in septic pigs. Organ samples (lung,
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liver, and kidney) were obtained after euthanasia and kept on ice
before tissue homogenization. Bacterial load analysis revealed that
Sup administration dramatically reduced the bacterial load in all
analyzed organs (Fig. 6F–H). Similarly, pretreatment with PPA also
significantly decreased bacterial counts in the lung, liver, and
kidney (Fig. 6I–K). Taken together, in agreement with the mouse
data, these data indicate that administration of Sup or PPA
promotes bacterial clearance and has a protective effect on the
organs of septic pigs.

PPA enhanced bacterial killing by human phagocytes and was
negatively correlated with a marker of sepsis severity in
patients
We finally investigated whether these basic findings could be
translated to clinical settings by analyzing the role of PPA in the
function of human macrophages. Human blood monocyte-
derived macrophages (MDMs) from sepsis patients were isolated
and incubated with PPA. PPA treatment increased E. coli and
S. aureus killing by MDMs (Fig. 7A, B), suggesting that PPA may be
used as a novel compound to enhance the bacterial clearance
capacity of macrophages.
To determine whether poor disease outcomes in humans are

associated with decreased PPA, we evaluated the circulatory level
of PPA in sepsis patients with higher Acute Physiology and
Chronic Health Evaluation (APACHE) II scores (>median value) and
found a clear reduction in the PPA levels in these patients (Fig. 7C,
D). We further divided the sepsis patients into two groups
according to the circulating level of PPA. Interestingly, in the
patients with a higher plasma level of PPA (>median value), the
APACHE II score was significantly reduced compared to that in the
patients with a lower plasma PPA level (<median value) (Fig. 7E, F).
More strikingly, the plasma PPA level had a significant negative
correlation with the APACHE II score in sepsis patients
(r=−0.3118, p= 0.0128, Fig. 7G). Collectively, these findings
demonstrate that PPA could have a key role in bacterial sepsis in
humans.

DISCUSSION
At present, how the gut mycobiota and associated metabolites
affect human health and disease is largely unknown. To the best
of our knowledge, we report for the first time that a metabolite
derived from C. albicans, PPA, has a protective effect against
bacterial sepsis. Herein, we provide a systematic analysis of the
role of PPA, which promotes the bactericidal activity of macro-
phages, reduces bacterial load and organ damage, and prolongs
the survival time of septic mice. Mechanistically, PPA inhibited
SIRT2-mediated activation of G6PD after bacterial challenge and
reduced intracellular NADPH levels, thereby producing more ROS
to clear bacteria (Fig. 7H). Collectively, our findings highlight the
diverse roles played by C. albicans during sepsis and support the
importance of PPA in clearing bacteria from patients with bacterial
sepsis.
Although all healthy humans and laboratory animals carry

numerous fungal species, thus far, researchers have mostly
focused on the role of the bacterial microbiota. However,
commensal fungi have a profound effect on the nutritional status,
metabolism, and immunity of the host [32–34]. The beneficial
effects of fungal colonization on hosts include resistance to
pathogens and fine tuning of the immune system [35, 36]. A
recent review highlighted the beneficial effects of fungal transfer
during fecal microbiota transplantation [37]. Among the com-
mensal fungal species colonizing the human intestine, C. albicans
is the most dominant. However, C. albicans is an opportunistic
fungus; under certain predisposing conditions, such as immuno-
suppression, antibiotic treatment, or prolonged stay in intensive
care units, it can cause superficial infections and even enter the
bloodstream, resulting in systemic candidiasis. Conversely, recent

studies have explored the beneficial effects of C. albicans on the
host. For example, intestinal colonization by C. albicans protected
against subsequent challenge with other virulent fungi [38]. In
addition to these direct host–microbe interactions, mouse gut
colonization by C. albicans improved host immunity, resulting in a
systemic increase in fungal-specific Th17 CD4+ T cells and IL-17-
responsive circulating neutrophils, which protected the mice
against more invasive bacterial and fungal species [39]. Moreover,
the effect of C. albicans on homeostasis in humans is not limited to
direct fungi–host interactions because various metabolites derived
from this yeast, including toxins and antibacterial agents, may
exert biological effects on humans. For example, exposure of
monocytes to the C. albicans-derived polysaccharide β-1,3-glucan
causes epigenetic changes such as histone methylation and
induces a stronger immune response against other fungi during
subsequent colonization [36]. Another example involves farnesol
produced by C. albicans, which may alter the regulation of quorum
sensing in P. aeruginosa [40]. These observations improved our
understanding of the roles of commensal C. albicans in numerous
physiological and disease processes. However, the specific
interactions between C. albicans-derived metabolites and the
host immune system, especially regarding their contribution to
the pathogenesis of sepsis, are still largely unknown. Here, we
uncovered the crucial role of an important C. albicans-derived
functional metabolite, PPA, in the development of bacterial sepsis.
By using metabolomics analysis and blocking PPA generation,
we provide compelling evidence of the protective effect of
C. albicans-derived PPA against sepsis progression. Of note,
interactions among microbes can be very complex, ranging from
cooperation to predation [41]. Previous studies have already
shown that colonization with specific bacterial species can reduce
Candida load in vivo [42], and several E. coli strains have been
found to inhibit C. albicans growth in vitro [43]. We also found that
PPA production by C. albicans cocultured with E. coli was
significantly reduced compared to that of C. albicans cultured
alone (Fig. S10A, B). Therefore, it can be speculated that in a
patient with bacterial sepsis, the overgrowth of pathogenic
bacteria, such as E. coli, may lead to restricted growth of
C. albicans in the intestines, which in turn leads to decreased
PPA production.
In the pharmaceutical industry, PPA has been used to produce

D-phenylalanine, the raw material for antidiabetic, antineoplastic,
and anti-AIDS compounds, and peptide antibiotics. In addition,
PPA is used to synthesize PLA, which is used as an antimicrobial
agent, food preservative, and flavor compound [44]. However, the
potential beneficial effects of PPA against diseases in both
humans and animals are not well known, although PPA
administration via a chow diet effectively alleviated the anxiety
and depression behavior of mice and improved their exercise
capacity [45]. In the current study, PPA promoted the bactericidal
activity of macrophages, reduced the bacterial load and organ
damage, and decreased mortality in CLP-induced septic mice.
These findings demonstrated the protective effect of PPA against
sepsis. Of note, PPA accumulates in patients with a phenylalanine-
4-hydroxylase deficiency, which causes phenylketonuria [46].
Nevertheless, an appropriate pharmacological dose of PPA may
have therapeutic effects on conditions such as sepsis in humans
and animals. However, we cannot rule out the possibility that
other key metabolites derived from C. albicans may also mediate
sepsis progression. With the development of metabolomics
analysis, more functional metabolites may be discovered in the
future.
Regulating ROS is vital for mounting an appropriate immune

response and for avoiding any excessive oxidative damage to
resident host cells/tissues. We have now provided solid evidence
demonstrating that PPA is a natural SIRT2 antagonist, and it can
increase ROS production for bacterial killing by macrophages by
inhibiting SIRT2 activity and downstream signaling. SIRT2 is one of
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the seven members of the family of NAD+-dependent histone
deacetylases, which are most highly expressed in myeloid cells
[47, 48]. Increasing evidence implicates SIRT2 in the regulation of
metabolism and cellular energy responses [49, 50]. To date, many
substrates of SIRT2 have been identified, including α-tubulin [48],
histone H3/H4 [8, 51], phosphoenolpyruvate carboxykinase 1
(PEPCK1) [52], and G6PD [9]. Among these, G6PD is linked to ROS
levels; SIRT2-dependent deacetylation of G6PD stimulates NADPH
production, thereby reducing the cellular ROS level and decreas-
ing the level of cell death. In addition, SIRT2 deficiency promotes
bacterial phagocytosis by macrophages but not cytokine produc-
tion [10]. These findings suggest a significant role for SIRT2 in ROS
regulation and bacterial clearance by macrophages. Moreover,
PPA impairs the oxidative phase of the pentose phosphate
pathway by reducing G6PD activity, which may compromise
NADPH production and eventually lead to increased ROS
production [53]. Our current results link PPA-mediated bacterial
clearance to SIRT2-dependent ROS production. Based on SIRT2
knockdown and overexpression in BMDMs, we confirmed that PPA
inhibits SIRT2, which in turn reduces G6PD activity, decreases
intracellular NADPH, and increases ROS, thereby accelerating
bacterial clearance by BMDMs. Thus, inhibitors targeting SIRT2,
such as PPA, may be used as novel molecules for bacterial
clearance and sepsis treatment.
In summary, we clearly demonstrated that PPA derived from

C. albicans enhances the bactericidal activity of macrophages and
reduces the mortality of septic mice. Therefore, effective strategies
such as treatment with PPA and similar SIRT2 inhibitors should be
explored, which may provide a new approach for the clinical
management of sepsis.

MATERIALS AND METHODS
Study approval
All animal experiments were performed in accordance with the NIH’s
Guide for the Care and Use of Laboratory Animals, with the approval of the
Institutional Animal Care and Use Committee (IACUC) of Southern Medical
University (approval number: SMUL2022308 & SMUL2021094). The Medical
Ethics Committee of the local institution approved all human studies
(approval numbers: NFEC-2021-139 and LAEC-2020-055).

Fungal strains and growth conditions
C. albicans (ATCC 10231, ATCC MYA-2876 (also known as SC 5314)) was
cultured under aerobic conditions in liquid or solid Sabouraud dextrose
broth (SDB) medium at 30 °C. For preparation of the supernatant, C.
albicans was washed and resuspended in different media as follows: SDB
containing 10% fetal bovine serum (FBS), complete RPMI 1640 medium or
synthetic low-dextrose (SLD) medium (0.17% yeast nitrogen base (YNB,
Y1251, Sigma) with 0.1% glucose and 5mg/mL ammonium sulfate) with or
without phenylalanine (Phe) and grown for 2–5 days. The ARO9 open
reading frame (ORF) under the control of the MET3 promoter was inserted
into the pCaExp plasmid to construct pCaEXP-ARO9 plasmids that can
overexpress the ARO9 gene. Then, we used the lithium acetate method to
transform the linearized pCaEXP-ARO9 into C. albicans (SC 5314) and select
positive colonies in SDB-selective solid culture medium. PCR was used to
investigate the integration.

Cells and cell lines
Bone marrow-derived macrophages (BMDMs) were isolated and differen-
tiated into macrophages as described previously [54]. Briefly, BMDMs were
generated by culturing bone marrow cells obtained from male mice in
complete Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
1% penicillin–streptomycin (15140-122, Gibco) and 20 ng/mL macrophage
colony-stimulating factor (M-CSF, 416-ML, R&D Systems). Neutrophils were
isolated from mouse bone marrow as described previously [55]. The bone
marrow cells were flushed with complete culture medium (RPMI 1640
medium with 10% FBS, 1% penicillin‒streptomycin and 2mM EDTA) and
subsequently collected by centrifugation at 427 × g for 7min at 4 °C. Then,
Histopaque 1119 (3mL, 11191, Sigma) and Histopaque 1077 (3mL, 10771,
Sigma) were added layer by layer to the centrifuge tube, and marrow cells

were carefully laid on the uppermost layer. The tube was centrifuged at 850
× g for 30min at RT without braking. The cells suspended between
Histopaque 1119 and Histopaque 1077 were murine neutrophils. Ficoll
density-gradient centrifugation was used to isolate peripheral blood mono-
nuclear cells (PBMCs) from human blood samples. Human monocyte-derived
macrophages (MDMs) were cultured for 7 days in RPMI 1640 medium
containing 10% FBS and 1% penicillin‒streptomycin-glutamine with 20 ng/
mL human macrophage colony-stimulating factor (hMCSF) from Novoprotein
(Suzhou, China). The macrophage cell line Raw 264.7 was cultured in DMEM
supplemented with 10% FBS and 1% penicillin‒streptomycin at 37 °C in a
humidified atmosphere containing 5% CO2.

Animal models
Mouse. All mice (male, C57BL/6J, 6–8 weeks old) were housed with free
access to food and water. Polymicrobial sepsis was induced by cecal
ligation and puncture (CLP) as described previously [56]. Briefly, after
giving anesthesia to the mice, the cecum was ligated and punctured twice
with an 18 G needle to establish the severe sepsis model. The survival rate
was monitored every 1 h for the first 3 days. Before CLP surgery, the mice
received the indicated culture supernatant of C. albicans (300 µL) or vehicle
medium (300 µL) through oral gavage administration 3 h before CLP
surgery. For PPA (156-06-9, Sigma–Aldrich) treatment, mice were
administered 40mg/kg PPA dissolved in saline and sonicated by oral
gavage 3 h before CLP surgery.

Pig. Male Tibetan minipigs weighing 10 kg (range 8.8–11 kg) were used
and allocated into one of two arms. The C. albicans culture supernatant
arm consisted of subgroups receiving E. coli and the supernatant of
C. albicans culture or E. coli and vehicle medium. The PPA arm consisted of
subgroups receiving E. coli and PPA or E. coli and saline. Live E. coli was
infused intravenously at an increasing rate as follows: 3 × 107 bacteria/
30min from 0 to 30min, 3 × 108 bacteria/30min from 30 to 60min, and
3 × 109 bacteria/30min from 60 to 90min. Injection of bacteria started 3 h
after the supernatant of C. albicans culture or PPA treatment was given.

Human samples
A group of 94 individuals, including 14 healthy controls, were recruited for this
study. Sepsis was diagnosed according to the sepsis 3.0 criteria [1]. Detailed
information on the patients is given in Supplementary Tables 1 and 2. Plasma
and stool samples were collected and stored at −80 °C until further use.

Detection of C. albicans load
Feces collected from humans were suspended in 600 μL of a buffer (SA and
SC) mix containing 15 μL of proteinase K. The mixture was incubated at
70 °C for 15min, and the fungal genomic DNA was isolated from the feces
with the use of a TIANamp Stool DNA Kit (DP328, Tiangen). To detect the C.
albicans burden in feces, a C. albicans SYBR qPCR Kit (14-60210, TIANDZ)
was used according to the manufacturers’ instructions.

Serum biochemistry
Blood was collected in tubes containing EDTA after venipuncture and
centrifuged at 12,000 rpm for 10min at 4 °C. Alanine transaminase (ALT)
and aspartate transaminase (AST) levels were determined with commer-
cially available kits according to the manufacturers’ instructions.

Measurement of cytokines
Blood was collected 12 h after CLP surgery, and serum samples were
prepared by centrifugation at 12,000 rpm for 10min at 4 °C. The levels of
TNF-α and IL-6 in the serum were tested using commercially available kits
[EMC102a.96 (TNF-α), EMC004.96 (IL-6), NeoBioscience, Beijing, China].

Histological procedures
Lung tissue was fixed in 4% paraformaldehyde, embedded in paraffin, and
then sliced into 5-μm-thick sections. Tissue sections were stained with H&E and
examined with a light microscope (Olympus, Tokyo). Pulmonary injury score
parameters included the thickness of alveolar walls, alveolar fusion,
hemorrhage in the air compartment, leukocyte infiltration and tissue exudation.

Analysis of bacterial load
Mouse. For bacterial load analysis, blood, peritoneal lavage fluid (PLF) and
homogenized liver samples were collected 12 h after CLP surgery. After
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preparing serial dilutions, 100 μL of each sample was plated on Columbia
blood agar plates and incubated under aerobic or anaerobic conditions at
37 °C for 14–16 h. CFUs were counted, and the results were expressed as
CFU/mL of fluid (blood and PLF) or as CFU/g tissue (liver).

Pig. Lung, liver and kidney tissue were homogenized in PBS (10mg/500 μL)
using a tissue homogenizer. The solid tissue was removed by centrifugation
at 1000 rpm for 1min, and the supernatants were serially diluted, plated on
LB agar plates, and then incubated at 37 °C overnight. The number of
colonies was counted after 16–18 h.

RNA extraction and real-time PCR assay
Total RNA was extracted from PLF, liver and lung using the FastPure Cell/
Tissue Total RNA isolation kit (RC112-01, Vazyme). The cDNA was
synthesized using total RNA by ReverTra Ace® qPCR RT Master Mix (FSQ-
101, Toyobo). The expression levels of mRNAs were determined by an ABI
7500 Real-Time PCR System using TB Green® Premix Ex Taq™ II (RR820B,
Takara). All the primer sequences used for each targeted gene are listed in
Supplementary Table 3.

Coculture experiments
C. albicans cells were cultured overnight, diluted to an OD600 of 0.1, and
allowed to grow to an OD600 of 0.6. Overnight cultures of E. coli were
centrifuged and resuspended in fresh LB. Subsequently, C. albicans was
cocultured with E. coli or an equal volume of LB for 16–20 h. Supernatants
were centrifuged and collected for GC/MS analysis.

Metabolomics analysis
Sample preparation. The supernatant of C. albicans was prepared as
described above followed by a freeze-drying procedure. In the experiment,
20mg of sample was mixed with 400 μL of methanol-water (4:1, v/v)
containing 0.02mg/mL of 2-chloro-L-phenylalanine and then homoge-
nized for 6 min at −10 °C. This solution was ultrasonically extracted on ice
for 30min and centrifuged for 15min at 15,000 × g at 4 °C. Twenty
microliters of the supernatant was used for LC‒MS/MS analysis.

LC‒MS/MS analysis. LC‒MS/MS was performed on a UHPLC-Q Exactive
system (Thermo Scientific, USA). The LC was run with the following
conditions: Column: Acquity UPLC HSS T3 (100mm × 2.1mm i.d., 1.8 µm;
Waters, Milford); Solvent A: 95:5 water/acetonitrile mixture (0.1% (v/v) formic
acid); and Solvent B: acetonitrile: isopropanol: water 47.5: 47.5: 5 (0.1% (v/v)
formic acid). The column was maintained at 40 °C, and separation was
conducted as follows: 0% B–5% B over 0–0.1min, 5% B–25% B over
0.1–2min, 25% B–100% B over 2–9min, 100% B–100% B over 9–13min; 0%
A–100% A over 13–13.1min, and 13.1–16min holding at 100% A at a flow
rate of 0.4mL/min. The mass spectrometer was operated with spray voltages
of 3.5 kV and −2.8 kV in positive or negative mode. Centroid data were
collected from 70 to 1050m/z with a 70,000 resolution. Progenesis QI (Waters
Corporation, Milford, USA) was used for peak picking and alignment to
screen the metabolic biomarkers that displayed significant changes between
the medium and supernatant groups. Several standard metabolome
databases, including the human metabolome database (http://
www.hmdb.ca/), MassBank (http://massbank.jp/Index), and METLIN (http://
metlin.scripps.edu/index.php), were used to identify the assigned biomarkers
by matching the acquired precursor and fragment ions.

Quantitative analysis of PPA
For detection of PPA content, 100 μL of serum sample or supernatant of
C. albicans culture was aspirated, and 900 μL of acetonitrile containing
0.1% formic acid was added to precipitate the proteins. The solution was
ultrasonically extracted on ice for 20min and then centrifuged at
15,000 rpm for 10min at 4 °C. The supernatant was transferred into a
new tube and dried by a nitrogen-blowing instrument. Then, the
compounds in the dried residue were extracted using a water-acetic ether
mixture (v/v: 2:7) and centrifuged at 15,000 rpm for 10min at 4 °C. The
supernatant was collected and dried under nitrogen, and the compounds
were converted to TMS derivatives with 100 μL of BSTFA/TMCS (100:1) and
20 μL of pyridine followed by GC/MS analysis.

CCK-8 assay
Cell proliferation was tested by the Cell Counting Kit-8 (CCK-8, Dojindo) assay
according to the manufacturer’s instructions. Briefly, 104 cells/well were

evenly distributed and grown in 96-well plates and then treated with the
indicated concentrations of PPA for 18 h, followed by incubation with heat-
killed E. coli or S. aureus for 45min. Finally, CCK-8 reagent was added to each
well, and the plates were incubated at 37 °C for 3 h. The optical density at
450 nm was assessed using a microplate reader (SpectraMax M5, Molecular
Devices).

Phagocytosis assay
To analyze the phagocytic capacity of BMDMs, cells were treated with the
supernatant or PPA (100 µM) for 3 or 18 h, followed by incubation with
pHrodo red E. coli BioParticles (P35361, Thermo Fisher Scientific) for 45min
at 37 °C. After washing three times with PBS, cell nuclei were stained with
antifading mounting medium (DAPI, S2110, Solarbio), followed by
visualization using a confocal LSM 880 microscope (Carl Zeiss
Microimaging, Jena).
A suspension of 106 neutrophils was seeded in 24-well plates in RPMI

medium with the supernatant or PPA (100 µM) for 3 or 18 h, followed by
incubation with E. coli or S. aureus (multiplicity of infection, MOI= 1:100) at
37 °C for 45min. Neutrophils were separated from bacteria in the
suspension by centrifugation (400 × g) for 3 min at 4 °C and then
suspended in RPMI medium containing 50 μg/mL gentamicin for 30min to
kill any adherent extracellular bacteria. Finally, neutrophils were washed
twice to remove gentamicin and lysed with 0.1% Triton X-100 on ice for
20min to release intracellular bacteria. All samples were serially diluted
and plated on LB agar to determine the CFU counts.

Bacterial killing assay
BMDMs with the indicated treatments were infected with E. coli or S. aureus
at 37 °C for 45min, and then the cells were washed two times with PBS
containing gentamycin (0.5 µg/mL). Fresh DMEM containing 50 µg/mL
gentamicin was added and cells were incubated for 5 min to remove the
extracellular bacteria. To determine the amount of internalized bacteria
(t= 0 h), macrophages were washed two times with cold PBS and lysed in
PBS containing 0.5% Triton X-100. Other cells were incubated for another
60min (t= 1 h). Bacterial killing was calculated from the percentage of
colonies present at t= 1 h compared to that at t= 0 h as follows: [(CFU
count at 0 h—CFU count at 1 h)/(CFU count at 0 h)] × 100% [57].
In neutrophils, cells were infected with E. coli or S. aureus at 37 °C for

45min at an MOI of 1:100, resuspended in medium containing 50 μg/mL
gentamycin for 30min to remove extracellular bacteria, and then lysed in
PBS containing 0.1% Triton 100 for assessment of uptake (t= 0 h).
Additional samples were incubated for 1 additional hour (t= 1 h) to
assess bacterial killing as described above.

In vivo neutrophil and macrophage depletion
For neutrophil depletion, each mouse was injected intravenously with
200 μg of anti-mouse Ly6G antibodies (BE0075-1, BioXCell) 24 h before
CLP. For macrophage depletion, mice were intraperitoneally administered
150 μL clodronate-loaded liposomes (Liposoma, Amsterdam) 24 h before
CLP according to the manufacturer’s instructions.

Western blotting analysis
Cell protein was extracted by a commercial kit (KGP10100, KeyGEN
Biotech), and the protein concentrations were determined by using the
Pierce™ BCA protein assay kit (23225, Thermo). Then, protein samples were
separated by 10% or 12% SDS‒PAGE and transferred onto polyvinylidene
fluoride (PVDF) membranes (IPVH00010, Millipore). PVDF membranes were
blocked with 5% skim milk for 1 h and then incubated with corresponding
primary antibodies at 4 °C overnight. Rabbit anti-SIRT2 (19655-1-AP, 1:2000
dilution; Proteintech), mouse anti-α-tubulin (3873, 1:2000 dilution; CST) and
rabbit anti-acetyl-α-tubulin (5335, 1:2000 dilution; CST) antibodies were
used. Subsequently, after washing with TBS-T, membranes were incubated
at 37 °C for 1 h with the following secondary antibodies: horse-anti-mouse
IgG-HRP (7076, 1:2000 dilution; CST) and goat-anti-rabbit IgG-HRP (7074,
1:2000 dilution; CST). The bands were analyzed using the ChemiDoc MP
imaging system (Bio-Rad, USA) with Image Lab 5.2.1 software.

Transient transfection
The siRNA and NC oligonucleotide sequences were synthesized by RiboBio
(Guangzhou, China). The SIRT2-overexpression plasmids and empty
controls were synthesized by GeneChem (Shanghai, China). Transfection
of SIRT2 siRNA or overexpression plasmid was performed with a riboFECT
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CP Transfection Kit (C10511-05, RiboBio) or INVI DNA RNA Transfection
Reagent™ (IV1216075, Invigentech), respectively. Cells were harvested for
assay 48 h after transfection.

ROS detection assay
BMDMs with the indicated treatments were incubated with or without PPA
for 18 h and then infectedwith E. coli or S. aureus for 45min. After incubation,
the cells were washed with PBS three times and then incubated for an
additional 1 h. Subsequently, BMDMs were treated with 5 μM of the
fluorogenic probe H2DCFDA (HY-D0940, MCE) for 30min at 37 °C. The
emitted fluorescence was detected using a fluorescence microplate reader
with 488/525 nm excitation/emission filters.

Determination of NADPH levels and G6PD activity in BMDMs
NADPH levels and G6PD activity were assessed in the lysates of BMDMs
with the indicated treatments by using an NADP/NADPH assay kit (S0179,
Beyotime) and a G6PD assay kit (S0189, Beyotime) according to the
manufacturer’s instructions.

Drug affinity responsive target stability assay
The drug affinity responsive target stability (DARTS) assay was conducted
as described previously [58], with minor modifications using BMDMs and
Raw 264.7 cells. Briefly, untreated cells were lysed with a mammalian
protein extraction reagent (78501, Thermo Scientific) containing freshly
added protease inhibitors on ice for 15–30min. After centrifugation
(18,000 × g for 15 min) and the addition of 1× TNC buffer [500mM Tris·HCl
(pH 8.0), 500mM NaCl, 100 mM CaCl2], lysates were equally divided into 4
tubes (400 μg of total protein, 4 μg/μL) and gently mixed with the
indicated concentrations of PPA or an equal volume of DMSO, followed by
incubation for 2 h at RT. Incubated samples were digested by pronase
(4693116001, Roche) at a 1:400 ratio (w/w) for 30min. Then, a loading
buffer was added into the lysates and boiled for 10min, and the samples
were separated by SDS‒PAGE and stained with Coomassie Blue or for
western blotting analysis.

Cellular thermal shift assay
A cellular thermal shift assay (CETSA) was performed as previously reported
with minor modifications [59]. Briefly, BMDMs or Raw 264.7 cells were
collected, pelleted, washed with PBS, and lysed by freeze‒thawing using
liquid nitrogen. The lysate was equally divided into two tubes and
incubated with PPA (100 μM) or an equal volume of DMSO for 2 h at RT.
Subsequently, the lysates were heat-treated at 37, 41, 44, 47, 50, 53, 56, 59,
63 and 67 °C for 3 min and immediately cooled for 3 min at RT, followed by
centrifugation at 15,000 rpm for 15min at 4 °C. Then, the supernatant was
boiled after adding SDS‒PAGE loading buffer and analyzed by
immunoblotting.

Surface-plasmon resonance
The interaction between PPA and SIRT2 was quantitatively measured using
the PlexArray® HT System (PlexArray, USA) with a 3D MES/HEMA sensor
chip. Purified recombinant SIRT2 protein (P1226, Finetest) was immobilized
on the protein chip and activated with 10mM NiSO4. Gradient
concentrations of PPA (25, 50, 100, 200, 400, 800 μmol/L) were injected
as analytes. Data were analyzed using PlexArray HT specialized software
(Plexera Bioscience).

Molecular docking analysis
The SIRT2 protein crystal structure was downloaded from the protein data
bank (PDB ID 5YQM), and the structure of PPA was obtained from
PubChem (https://pubchem.ncbi.nlm.nih.gov/). Schrodinger-Maestro soft-
ware (version 11.1) was used to analyze the binding sites between PPA and
SIRT2. After removing the crystal water and FBP and adding the hydrogen
atoms, PPA was then docked into SIRT2 based on evolutionary
optimization of the ligand pose. The binding site of PCA was defined as
proteinaceous residues located within a distance of 1.74 Å radius from PPA.

Statistical analysis
Statistical analysis was performed using Prism 9.5.1 (GraphPad Software).
Survival studies were analyzed using log-rank (Mantel‒Cox) tests. Statistical
significance was evaluated by two-tailed Student’s t test or one-way
analysis of variance followed by the Bonferroni post hoc test. Correlation

significance was determined by using linear regression analysis. Unless
otherwise stated, data are presented as the mean ± SEM. P values < 0.05
were considered statistically significant. N represents the number of
biological replicates.
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