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Introduction

Bloodstream infection (BSI) remains a major cause of morbidity
and mortality from infectious diseases worldwide, despite advanc-
es in critical care and treatment strategies and understanding of
its pathophysiology (1). BSIs can present as primary infections
caused by surgical intervention, the use of intravenous cathe-
ters, etc., or as secondary complications of infections elsewhere.
Overgrowth and dissemination of invading pathogens in the cir-
culation exacerbate collateral organ damage and usually lead to
more severe conditions, such as infectious endocarditis, menin-
gitis, sepsis, or septic shock. BSI confers an attributable mortality
risk ranging from 7% to 35% and accounts for one-third of deaths
from bacterial infections (2). Thus, rapid and effective removal
of circulating bacteria is especially pivotal for preventing lethal
consequences during BSI.
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Bloodstream bacterial infections cause one-third of deaths from bacterial infections, and eradication of circulating bacteria
is essential to prevent disseminated infections. Here, we found that hepcidin, the master regulator of systemic iron
homeostasis, affected Kupffer cell (KC) immune defense against bloodstream bacterial infections by modulating the gut
commensal bacteria-derived tryptophan derivative indole-3-propionic acid (IPA). Hepcidin deficiency impaired bacterial
capture by KCs and exacerbated systemic bacterial dissemination through morphological changes in KCs. Gut microbiota
depletion and fecal microbiota transplantation revealed that the gut microbiota mediated the alteration of KCs volume.
Mechanistically, hepcidin deficiency led to a decreased abundance of the IPA-producing commensal Lactobacillus intestinalis
and a concomitant reduction in the gut-to-liver shuttling of its metabolite IPA. IPA supplementation or L. intestinalis
colonization restored the KC volume and hepatic immune defense against bloodstream bacterial infection in hepcidin-
deficient mice. Moreover, hepcidin levels in patients with bacteremia were associated with days of antibiotic usage and
hospitalization. Collectively, our findings highlight a previously unappreciated role of hepcidin in sustaining KC-mediated
hepatic defense against bloodstream bacterial infections through the gut commensal L. intestinalis and its tryptophan
derivative IPA. More importantly, we show that restoring the crosstalk between the gut microbiota and liver through IPA-
inspired therapies may offer a promising strategy for enhancing the host defense against bloodstream bacterial infections in
those with low hepcidin levels and a high risk for bacterial infections.

The liver filters one-third of the body’s total blood volume
per minute and is a primary surveillance organ for intravascular
infections (3), sequestering more than 90% of bacteria within 10
minutes after intravenous invasion (4, 5). As liver-resident macro-
phages, Kupffer cells (KCs) form a unique immune firewall within
the vascular space of the hepatic sinusoids with a fundamental role
in the clearance of blood-borne bacteria, a process that is crucial
for preventing pathogen dissemination (6-9). The ability of KCs to
capture and kill invading bacteria is well documented (9, 10), and
the synergistic role of KCs with other immune cells in anti-infection
defense studies has also been largely investigated (11, 12). However,
little is known about the mechanisms that modulate the KC-
mediated eradication of circulating bacteria.

Hepcidin is a master regulator of systemic iron metabolism
that is produced predominantly by hepatocytes. Hepcidin controls
iron concentrations in the extracellular fluid by binding ferroportin,
which is the sole known cellular iron exporter, and inducing its deg-
radation. As an acute-phase protein, hepcidin plays a critical role in
host defense against bacterial infection (13). Hepcidin not only has
direct bactericidal activity in vitro at nonphysiological high concen-
trations but also responds to bacterial infections through the iron
deprivation of pathogenic microorganisms by regulating the intra-
cellular/extracellular iron status to induce hypoferremia (14-16).

1



:

RESEARCH ARTICLE

Notably, low hepcidin levels are common in certain patients with
hepatitis or cirrhosis, and these patients are more susceptible to
severe bacteremia (17, 18). In mouse models of cecal ligation and
puncture-induced polymicrobial sepsis, the knockdown of hepcidin
in the liver led to the systemic spread of bacteria (19). This evi-
dence highlights the importance of hepcidin in preventing system-
ic bacterial infections. However, the functional role of hepcidin in
host defense is not fully understood, and the mechanisms by which
hepcidin protects the host from systemic bacterial dissemination
remain to be further explored.

Here, we explored the role of hepcidin in modulating hepatic
immune defense against bloodstream bacterial infections. Using
intravital imaging, we observed that hepcidin is essential for
KC-mediated hepatic antibacterial defense in both gram-positive
and -negative bacterial infection models. The combined strategies
of gut microbiota depletion and fecal microbiota transplantation
highlight the critical role of the gut microbiota in hepcidin-me-
diated regulation of KC function. We further explored the key
commensal bacteria and their derived metabolites that partici-
pate in this process by fecal 16S rDNA sequencing and portal
blood metabolomics analysis. We also investigated the correlation
between hepcidin and the clinical status of infection in patients
with bacteremia. Our data reveal the essential role of hepcidin
in sustaining KC immune defense against bloodstream bacterial
infections by modulating the gut-liver axis with the gut microbi-
ota commensal bacteria Lactobacillus intestinalis and its tryptophan
derivative indole-3-propionic acid (IPA).

Results

Hepcidin deficiency impairs hepatic immune defense against bloodstream
bacterial infection. To test the hypothesis that hepcidin affects host
defense against bloodstream bacterial infection, hepcidin-1 knock-
out (Hampl”") and WT mice were intravenously infected with
GFP-labeled Escherichia coli (E. coli-GFP), and circulating bacteria
were rapidly sequestered by the liver of WT mice, but not Hampl~/~
mice (Supplemental Video 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI189607DS1).
Hepatic capture of E. coli-GFP was visualized via intravital con-
focal microscopy 2 hours after infection. Strikingly, circulating E.
coli-GFP was efficiently sequestered in the livers of WT mice in a
rapid fashion, whereas the livers of Hampl”~ mice were incapable
of capturing bacteria (Figure 1, A and B). This inability to sequester
bacteria was further supported by the significantly lower hepatic
bacterial load and more pronounced bacteremia in Hampl”~ mice
at 2 hours after infection with regular E. coli (Figure 1, C and D).
However, the bacterial load in other vital organs, such as the lung,
was not significantly different between the 2 groups of mice at the
early stage after E. coli infection (Supplemental Figure 1A).

To investigate whether impaired hepatic bacterial capture
affects bacterial clearance and leads to subsequent overwhelming
systemic bacterial dissemination, mice infected with E. coli-GFP
were imaged at 24 hours after infection to quantify the residual
bacteria in the liver. E. coli-GFP almost completely disappeared
from the livers of WT mice, whereas a considerable amount of
E. coli-GFP persisted in the livers of Hampl”’~ mice (Figure 1, E
and F). Consistent with this finding, the livers of Hampl”~ mice
presented a much greater bacterial load at 24 hours after infection
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with E. coli (Figure 1G). Moreover, Hamp I~ mice developed more
severe bacteremia (Figure 1H) and exhibited markedly increased
systemic dissemination of bacteria to other vital organs, such as
the lungs, at 24 hours after infection (Supplemental Figure 1B).
Thus, the failure of hepatic bacterial capture at the early stage after
infection subsequently led to the systemic bacterial burden at the
late stage after infection. Nevertheless, since iron is an essential
nutrient for almost all living organisms, the effect of systemic high-
iron status in Hampl~’~ mice on bacterial replication also should
not be overlooked (15, 20).

The impaired hepatic antibacterial defense of Hampl”~ mice
resulted in a worse prognosis of bloodstream bacterial infection.
Histopathologic analysis of the livers and lungs revealed that
HampI”’~ mice experienced more severe tissue damage within 24
hours after infection (Supplemental Figure 1, C-F). More impor-
tantly, only 30% of Hampl”~ mice survived for 7 days after E. coli
infection, whereas the survival rate was 80% in WT mice (Figure
1I). Together, these results suggest that hepcidin deficiency destroys
hepatic immunity to capture and clear bloodstream bacteria and
thus compromises the host defense against invading bacteria.

Hepcidin deficiency impairs KC ability to clear invading bacteria.
We next sought to determine the mechanism underlying impaired
hepatic antibacterial defense in Hampl’~ mice. As resident mac-
rophages in the liver, KCs form a unique network with the vascu-
lar space of the liver sinusoids, acting as a “firewall” in detecting,
capturing, and killing bloodstream pathogens to prevent dissemi-
nated infections (6-9, 21). The dominant role of KCs in hepatic
immune defense against bacterial invasion has been extensively
demonstrated by the depletion of KCs in such infectious models.
We also observed that the absence of KCs with the use of liposome-
encapsulated clodronate resulted in a dramatic impairment in the
ability of the liver to sequester bacteria at 2 hours after E. coli infec-
tion (Supplemental Figure 2A), accompanied by extremely severe
bacteremia (Supplemental Figure 2B). Not surprisingly, at 24 hours
after infection, the hepatic bacterial load was lower in the mice
treated with clodronate liposomes, while the blood bacterial load
remained high because of the failure of hepatic bacterial capture
in the early stage of infection (Supplemental Figure 2, C and D).

Next, we assessed the bacterial capture capacity of individual
KCs in the liver via intravital confocal microscopy. Strikingly, com-
pared with those of WT mice, the KCs of Hampl”~ mice captured
less E. coli-GFP after BSI (Figure 2, A and B, and Supplemental Vid-
eo 2). The inability to sequester bacteria was further confirmed by
flow cytometry analysis, which revealed reduced E. coli-GFP uptake
by KCs from Hampl~~ mice (Supplemental Figure 3, A and B).

Since bloodstream bacterial infections can be caused by
both gram-negative and -positive bacteria, to extend the current
findings, we further investigated the hepatic immune defense of
Hampl~”~ mice against BSI with the common clinical gram-positive
bacterium Staphylococcus aureus. Similar to the E. coli infection
model, at 2 hours after S. aureus-GFP infection, the invading bac-
teria were efficiently captured by KCs in WT mice. However, the
KCs of Hampl’~ mice exhibited insufficient uptake of S. aureus-
GFP (Supplemental Figure 4, A and B, and Supplemental Video
3). Hamp1~”~ mice also presented a lower hepatic bacterial load and
more severe bacteremia when infected with S. aureus (Supplemen-
tal Figure 4, C and D). This compromised hepatic antibacterial
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Figure 1. Hepcidin deficiency impairs hepatic immune defense against bloodstream bacterial infection. (A) Representative confocal intravital
microscopy (IVM) images of the liver microcirculation of Hamp1/- and WT mice at 2 h after E. coli-GFP (green) infection. Scale bars: 20 um. (B)
Quantitative analysis of E. coli-GFP sequestered in the liver microcirculation (per field of view [FOV]) by confocal intravital microscopy. n = 5 per
group; data are presented as mean + SEM. (C and D) Bacterial load in the liver (C) and peripheral blood (D) at 2 h after E. coli infection in Hamp1/-
and WT mice. n = 8 per group; data are presented as median * interquartile range. (E) Representative IVM images of the liver microcirculation of
Hamp1~/- and WT mice at 24 h after E. coli-GFP infection. Scale bars: 20 um. (F) Quantitative analysis of residual E. coli-GFP in the liver microcircu-
lation (per FOV) at 24 h after E. coli-GFP infection by confocal intravital microscopy. n = 6-7 per group; data are presented as mean + SEM. (G and
H) Bacterial load in the liver (G) and peripheral blood (H) at 24 h after E. coli infection in Hamp1-/- and WT mice. n = 6 per group; data are presented
as median + interquartile range. (1) Survival rate of Homp1-/- and WT mice after E. coli infection. n = 10 per group. *P < 0.05, **P < 0.01, by 2-tailed
Student’s t test (A, B, E, and F), Mann-Whitney U test (C, D, G, and H), and Kaplan-Meier log-rank test (I). Data presented are from 5 (A and B), 8 (C

andD),4 (EandF), 3

defense led to the systemic retention of S. aureus, as evidenced by
the greater residual S. aureus-GFP in the livers of Hampl~'~ mice at
24 hours after infection (Supplemental Figure 4, E and F), as well
as the greater bacterial burdens in the liver and peripheral blood
during S. aureus infection (Supplemental Figure 4, G and H). Ulti-
mately, all Hampl~~ mice died within 4 days, whereas 60.0% of the
WT mice survived for 7 days after bloodstream S. aureus infection
(Supplemental Figure 4I).

We then explored how KCs affect the hepatic antibacterial
defense of Hampl”~ mice. We first examined whether there was
a difference in KC number between Hampl”~ and WT mice. Both
intravital confocal microscopy analysis (Figure 2, C and D) and
immunofluorescence analysis (Supplemental Figure 5, A and B)
revealed comparable total numbers of KCs between Hampl”~ and
‘WT mice, suggesting that the impaired bacterial capture by KCs in
Hamp~'~ mice was not due to a reduction in the number of KCs.

Different phenotypes and subsets of KCs reportedly have
distinct immune functions (22-24). Therefore, we next asked
whether the distribution of KC subpopulations (23, 25) differed
between Hampl’~ and WT mice. A t-distributed stochastic neigh-
bor embedding dimension reduction analysis revealed that there
was no difference in KC composition (CD45*F4/80*CD11b"M-
HCIT*TIM4* cells) between Hampl~~ and WT mice (Figure 2E).
Moreover, the proportions of total KCs in CD45*F4/80*CD11b™t
hepatic nonparenchymal cells, and KC subpopulations (identified
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(G and H), and 6 (1) independent experiments. Each symbol represents an individual mouse.

as 2 clusters: KC1 characterized with CD45'F4/80*CD11b"™"M-
HCII'TIM4*ESAM CD206 cells and KC2 characterized with
CD45*F4/80*CD11b™MHCIT*TIM4*ESAM*CD206* cells) in
KCs were comparable (Figure 2F and Supplemental Figure 5C).
Studies have shown that the phagocytic function of KCs is also
governed by their morphology, as their larger size facilitates an
increased endovascular surface area for interaction with circulating
pathogens (26, 27). Thus, we evaluated the cellular morphology of
KCs in Hampl~~ and WT mice using intravital confocal microscopy
combined with 3-dimensional reconstruction (Figure 2, G and H).
Strikingly, the KCs of Hampl~~ mice generally had a much smaller
volume and surface area than those of WT mice (Figure 2, I and
J), which may account for the impaired hepatic bacterial capture
capacity of Hampl~~ mice during bloodstream bacterial infections.
Efficient capture and successful eradication of invading bac-
teria are both important for the immune defense of KCs against
bloodstream bacterial infection. Thus, we next investigated wheth-
er, in addition to phagocytosis, the intracellular bacterial killing
ability of KCs was also affected in Hampl~~ mice. Mechanistical-
ly, the intracellular killing of bacteria by KCs mainly depends on
2 processes following phagocytosis: phagosome maturation with
acidification and ROS generation (21). We examined phagosome
acidification and ROS generation through the engulfment of pH-
and ROS-sensitive reporter bacteria by KCs using intravital con-
focal microscopy, as previously described (28). However, there
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Figure 2. Hepcidin deficiency impairs KCs to clear invading bacteria. (A) Representative intravital microscopy (IVM) images showing KCs (red) cap-
turing circulating E. coli-GFP (yellow) in Hamp1-/- and WT mice. Scale bars: 20 um. (B) Number of E. coli-GFP captured per KC. n = 6 per group; data
are presented as mean + SEM. (C) Representative IVM images of KCs (red) in Hamp1~- and WT mice. Scale bars: 50 um. (D) Total number of KCs (per
field of view) in Hamp1-/- and WT mice. n = 8 per group; data are presented as mean + SEM. (E) Flow cytometry analysis of liver CD45*F4/80*CD11b™
cells of Haomp1~/- and WT mice with t-distributed stochastic neighbor embedding dimension reduction. (F) Quantitative analysis of subsets of KCs
(KC1and KC2) in liver CD45*F4/80*CD11b™™ cells of Hamp1-/- and WT mice. n = 7-8 per group; data are presented as mean + SEM. (G-J) IVM images
(G) combined with 3-dimensional reconstruction (H) to analyze KC volume (1) and surface area (J) in Hamp1-/- and WT mice. Scale bars: 20 um.n =6
per group; data are presented as mean + SEM. *P < 0.05, ****P < 0.0001, by 2-tailed Student’s t test. Data presented are from 6 (A and B), 8 (C and
D), 4 (E and F), and 6 (G-)) independent experiments. Each symbol represents an individual mouse (A-F). Symbols represent individual KCs from 6
mice with 5 fields of view per mouse (I and )).

were no significant differences in either the acidification of E. co/i-  hepcidin deficiency impairs the phagocytic function of KCs, which
containing phagosomes (Supplemental Figure 6, A and B, and Sup-  contributes to the damped hepatic immune defense against BSI.

plemental Video 4) or the ROS generation capacity (Supplemental Taken together, these findings suggest that hepcidin deficiency
Figure 6, C and D, and Supplemental Video 5) between the KCs of ~ impaired the bacterial capture ability but not the intracellular bac-
Hampl”- and WT mice. terial killing ability of KCs during bloodstream bacterial infections,

To investigate the potential mechanisms that may associate with ~ which may be attributed to the morphological alterations of KCs
the functional changes, we performed RNA sequencing analysis of ~ under conditions of hepcidin deficiency.
freshly isolated KCs from Hampl”~ and WT mice. Kyoto Encyclo- The gut microbiota mediates the malfunction of KC antibacterial
pedia of Genes and Genomes pathway enrichment analysis revealed  defense in Hampl~~ mice. In addition to the hepatic artery, the liver’s
that hepcidin deficiency caused differentially expressed genes highly ~ blood supply is provided mainly by the portal vein, which collects
involved in phagosome and lysosome functions as well as regulation ~ venous blood that drains from the intestines (29). This anatomical
of the actin cytoskeleton (Supplemental Figure 7A). Particularly, = connection allows the liver to communicate with the gut through
genes related to these biological processes, such as Toll-like receptor ~ the integration of signals composed of gut-derived nutrients,
adaptor molecule 2, low-density lipoprotein receptor, and integrin ~ pathogens, microbiota, and microbial metabolites via the portal
a M, showed significantly downregulated expression in KCs from  vein (30). The gut microbiota is a central element of the gut-liver
HampI”’~ mice (Supplemental Figure 7B). These results suggest that ~ axis and plays a pivotal role in shaping liver immune responses
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during health and disease (31, 32). We then asked whether the
morphological and functional defects in KCs in Hampl~'~ mice are
associated with intestinal dysbiosis and concomitant alterations in
signals in the gut-liver axis. We thus depleted the gut microbes in
WT and Hampl”mice with either an antibiotic cocktail (4Abx) or
sterile water, followed by a 5-day washout period and subsequent
bloodstream E. co/i-GFP infection. Interestingly, hepatic intravital
imaging revealed that, compared with sterile water—treated control
mice, WT mice presented a markedly impaired capture capaci-
ty of KCs in those treated with antibiotics at the early stage after
BSI. However, there were no significant differences in the capture
capacity of KCs in HampI~~ mice treated with antibiotics or sterile
water (Figure 3, A and B, and Supplemental Video 6). We further
observed the cellular morphology of the KCs (Figure 3, C and D).
Consistent with the alterations in the bacterial capture capacity of
KCs, gut microbiota depletion markedly reduced the surface area
and volume of KCs in WT mice but did not affect the morphology
of KCs in Hampl”~ mice (Figure 3, E and F). Notably, after antibi-
otic treatment, the volume of KCs in the 2 groups was comparable
(Figure 3E), although the surface area of KCs in Hampl”~ mice was
still smaller than that in WT mice (Figure 3F), which might be due
to the critical role of the cellular volume in phagocytic efficiency, as
phagocytosis depends on the formation of engulfment pseudopods
surrounding target particles, and a larger cellular volume facilitates
local expansion and retraction of engulfment pseudopods (33, 34).
Moreover, bacterial loads of Hampl”~ and WT mice treated with
antibiotics or sterile water were examined at 2 hours after E. coli
infection. Treatment with antibiotics impaired hepatic bacterial
capture and resulted in more severe bacteremia in WT mice but did
not significantly alter bacterial loads in liver and peripheral blood
of Hampl”~ mice (Supplemental Figure 8, A and B). These find-
ings indicate that the gut microbiota is engaged in programming
the KC defense against bloodstream bacterial infection and, more
importantly, that hepcidin deficiency may lead to the loss of some
intrinsic protective signals derived from the gut microbiota and thus
compromise KC immune defense against invading bacteria.

To further define the role of the gut microbiota in the interaction
between hepcidin and the antibacterial defense of KCs, we transplant-
ed fecal microbiota from WT or Hampl~~ donors into antibiotic cock-
tail (4Abx)—pretreated WT or Hampl~'~ recipients via oral gavage for
10 days before bloodstream E. coli-GFP infection. Interestingly, KCs
from HampI~'~ recipients that received fecal microbiota from WT mice
(WT—Hampl”~) exhibited improved bacterial capture capacity com-
pared with those from Hampl~'~ recipients (Hampl’~— Hampl™”). In
contrast, KCs from WT recipients that received fecal microbiota from
Hamp1~~ donors (Hampl”’~—WT) showed impaired bacterial capture
capacity compared with those from WT recipients (WT—WT) (Fig-
ure 4, A and B, and Supplemental Video 7). Moreover, when KCs
were imaged via intravital confocal microscopy and morphologically
reconstructed (Figure 4, C and D), compared with fecal microbiota
transplantation from Hampl”~ donors, fecal microbiota transplan-
tation from WT donors markedly increased the surface area and
volume of KCs in Hampl~'~ recipients, whereas feces from Hampl”’~
donors had a diametrically opposite effect on the morphology of KCs
in WT recipients (Figure 4, E and F). These findings further empha-
size the role of the gut microbiota in mediating the aberrant antibac-
terial defense of KCs induced by hepcidin deficiency.

J Clin Invest. 2025;135(17):e189607 https://doi.org/10.1172/)C1189607
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Hepcidin deficiency remaps portal blood metabolite profiles in mice.
The gut microbiota performs critical biological functions for the
host by communicating with extraintestinal tissues or organs,
primarily through the release of small-molecule metabolites (35,
36). Relying on the anatomical connection of the portal vein,
the activity of KCs can be modulated by gut microbiota—derived
metabolites (26, 30, 37).

We then performed untargeted metabolomics analysis using
the sera of portal vein samples from Hampl”~ and WT mice. We
first observed that the gross anatomy and microstructure of the
intestine were comparable between Hampl”~ and WT mice (Sup-
plemental Figure 9, A and B), indicating that hepcidin deficiency
does not affect normal intestinal development or histomorphol-
ogy. Partial least squares—discriminant analysis revealed distinct
differences in metabolite composition between Hampl’~ and WT
mice (Supplemental Figure 10A). We next scanned the portal
blood metabolite panels that were significantly enriched between
Hampl”~ and WT mice. Gene set enrichment analysis suggested
that 1 interesting pathway, the tryptophan metabolism pathway,
was significantly downregulated in Hampl~'~ mice (Figure 5A and
Supplemental Figure 10B). Notably, among the 68 significant-
ly downregulated metabolites in Hampl”~ mice, the tryptophan
derivatives DL-indole-3-lactic acid (ILA), indole-3-acrylic acid
(IA), and IPA, which are sequentially metabolized from dietary
tryptophan by the gut microbiota, have pronounced reduction
simultaneously (Figure 5, B and C).

‘We then examined the concentrations of ILA, IA, and IPA in
portal vein sera from Hampl~~ and WT mice gavaged with either an
antibiotic cocktail (4Abx) or sterile water based on the initial screen-
ing for differentially abundant metabolites via untargeted metabo-
lomics analysis to identify the differentially abundant metabolites
that are critical for the immune functions of KCs disrupted by hep-
cidin deficiency. The portal vein level of ILA did not significantly
differ among the groups (Figure 5D). The portal vein levels of the
intermediate metabolite IA and the terminal product IPA were sig-
nificantly lower in Hampl’~ mice gavaged with sterile water than
in WT mice gavaged with sterile water. More importantly, in WT
mice, the portal vein levels of IA and IPA were significantly low-
er in the antibiotic-treated group than in the water-treated control
group. However, antibiotic treatment did not significantly alter the
portal vein levels of TA and IPA in Hampl~~ mice.

‘We further measured portal vein serum levels of ILA, IA, and
IPA in Hampl”~ and WT mice that received reciprocal fecal micro-
biota transplantation. The portal vein ILA level was not significantly
altered among the groups regardless of the donor fecal microbiota
(Figure 5E). Notably, Hampl~'~ recipients who received fecal microbi-
ota from WT donors (WT— Hampl~~) presented significantly greater
portal blood IA levels and IPA levels than did those who received
fecal microbiota from Hampl”~ donors (Hampl'~—Hampl™),
whereas WT recipients who received fecal microbiota from Hampl/~
donors (Hampl’~—WT) presented lower portal vein IA levels and
IPA levels than did those who received fecal microbiota from WT
mice (WT—WT). The changes in the concentrations of these tryp-
tophan derivatives in the portal vein across different treatment strat-
egies suggested an association between the portal vein tryptophan
derivative level and the antibacterial defense of KCs in Hampl”/~
mice. However, as the terminal product among the 3 sequential
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Figure 3. The gut microbiota mediates the malfunction of KC antibacterial defense in Homp1-/- mice. (A) Representative intravital microscopy (IVM)
images showing KCs (red) capturing circulating E. coli-GFP (yellow) in Hamp1~/- and WT mice treated with antibiotic cocktail (4Abx) or sterile water (con-
trol). Scale bars: 20 um. (B) Number of E. coli-GFP captured per KC. n = 6-7 per group; data are presented as mean + SEM. (C-F) IVM images (C) combined
with 3-dimensional reconstruction (D) to analyze KC volume (E) and surface area (F) in Hamp7”/- and WT mice treated with 4Abx or sterile water (control).
Scale bars: 20 um. n = 6-7 per group; data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by 1-way ANOVA followed
by Sidak’s multiple-comparison test. Data presented are from 6 independent experiments (A-F). Each symbol represents an individual mouse (A and B).
Symbols represent individual KCs from mice, and data are from 6-7 mice with 5 fields of view per mouse (E and F).

metabolites, IPA exhibits much higher physiological concentrations
in portal blood compared with its intermediate precursor IA.

Taken together, untargeted metabolomics revealed that hepcidin
deficiency altered portal blood metabolite profiles in mice, and in
combination with further screening for specific tryptophan metabo-
lites with gut microbiota depletion and fecal microbiota transplanta-
tion strategies, we found that the gut microbiota—derived tryptophan
metabolite TPA might be a key gut-liver axis signaling molecule
mediating the differences in the antibacterial defense of KCs between
Hampl”~ and WT mice during bloodstream bacterial infection.

;

IPA supplementation restores hepatic immune defense against blood-
stream bacterial infection in Hampl~'~ mice. IPA, a tryptophan deriv-
ative produced exclusively in microorganisms, has been recently
reported to play important bioactive roles in the progression of
various diseases (38—40). We next sought to investigate whether
IPA has a beneficial effect on hepatic immune defense against
bloodstream bacterial infection in HampI~~ mice. We first inves-
tigated whether IPA had any effect on the morphology of KCs
from Hampl”~ mice ex vivo. Compared with PBS-treated KCs,

IPA-stimulated KCs presented obvious morphological changes
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Figure 4. Fecal microbiota transplantation rescues malfunction of KC bacterial clearance in Hamp1-/- mice. (A) Representative intravital microscopy
(IVM) images showing KCs (red) capturing circulating E. coli-GFP (yellow) in Hamp1~/- and WT mice that received fecal microbiota transplantation.
Scale bars: 20 um. (B) Number of E. coli-GFP captured per KC. n = 6 per group; data are presented as mean + SEM. (C-F) IVM image (C) combined with
3-dimensional reconstruction (D) to analyze KC volume (E) and surface area (F) in Hamp1-/- and WT mice that received fecal microbiota transplanta-
tion. Scale bars: 20 um. n = 6 per group; data are presented as mean + SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001, by 1-way ANOVA followed by
Sidak’s multiple-comparison test. Data presented are from 6 independent experiments (A-F). Each symbol represents an individual mouse (B), and
symbols represent individual KCs from 6 mice with 5 fields of view per mouse (E and F).

(Supplemental Figure 11, A and B), with significant increas-
es in the volume (Supplemental Figure 11C) and surface area
(Supplemental Figure 11D) of the cells. We further used bone
marrow—derived macrophages (BMDMs) isolated from Hampl~~
mice to examine the effect of IPA on their phagocytic activity.
IPA-pretreated BMDMs from Hampl”~ mice exhibited signifi-
cantly enhanced phagocytosis of E. coli-GFP compared with
the PBS-treated group (Supplemental Figure 11, E and F). Next,
Hampl”~ mice were gavaged with IPA or sterile PBS for 7 days

J Clin Invest. 2025;135(17):e189607 https://doi.org/10.1172/)C1189607

and thereafter subjected to bloodstream E. coli infection. Exoge-
nous IPA supplementation significantly increased portal blood
TPA concentrations in HampI~~ mice (Figure 5F). Encouragingly,
IPA treatment increased the bacterial capture capacity of KCs
in Hampl”~ mice (Figure 5, G and H, and Supplemental Video
8). The improved hepatic antibacterial defense was further evi-
denced by increased sequestration of bacteria by the liver and a
decreased circulating bacterial load at 2 hours after E. coli infec-
tion (Supplemental Figure 12, A and B), resulting in a decreased
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Figure 5. IPA supplementation restores hepatic immune defense against bloodstream bacterial infection in Hamp1/- mice. (A) Hepcidin deficiency
downregulated metabolites involved in the tryptophan metabolism pathway. n = 4 per group. (B) Volcano plot showing the fold change and P value of gut
microbiota-derived metabolites in portal blood from Hamp1-/- and WT mice. n = 4 per group. (C) Diagram of tryptophan metabolized by the gut microbiota
to ILA, IA, and IPA. (D and E) Portal blood levels of ILA, IA, and IPA in Hamp1/- and WT mice treated with either antibiotic cocktail (4Abx) or sterile water
(control) (D) and in Hamp1/- and WT mice that received fecal microbiota transplantation (E). n = 6 per group; data are presented as mean + SEM. (F) Portal
blood level of IPA in Hamp1-/- mice pretreated with IPA or sterile PBS. n = 5 per group; data are presented as mean + SEM. (G) Representative intravital
microscopy (IVM) images showing KCs (red) capturing circulating E. coli-GFP (yellow) in Hamp1/- mice pretreated with IPA or sterile PBS. Scale bars: 20
um. (H) Number of E. coli-GFP captured per KC. n = 6 per group; data are presented as mean + SEM. (I-L) IVM images (I) combined with 3-dimensional
reconstruction (J) to analyze KC volume (K) and surface area (L) in Hamp1-/- mice pretreated with IPA or sterile PBS. Scale bars: 20 pm. n = 6 per group; data
are presented as mean + SEM. *P < 0.05, ****P < 0.0001, by 1-way ANOVA followed by Sidak’s multiple-comparison test (D and E) or 2-tailed Student’s t
test (F-L). Data presented are from 2 (D and E) and 4 (G-L) independent experiments. Each symbol represents an individual mouse (D-H). Symbols repre-
sent individual KCs from 6 mice with 5 fields of view per mouse (K and L). Trp, tryptophan.
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systemic bacterial burden at 24 hours after E. coli infection (Sup-
plemental Figure 12, C and D). Moreover, we validated the effect
of IPA on hepatic antibacterial defense in antibiotic-pretreated
Hampl”~ and WT mice. Under conditions of gut microbiota
depletion, IPA supplementation significantly improved hepatic
bacterial sequestration and reduced circulating bacterial load
both in antibiotic-pretreated Hampl~’~ and WT mice at 2 hours
after E. coli infection (Supplemental Figure 13, A and B). At 24
hours after E. coli infection, IPA supplementation decreased sys-
temic bacterial burden in antibiotic-pretreated Hampl~’~ and WT
mice (Supplemental Figure 13, C and D).

We further assessed the morphological changes in KCs in
Hampl~'~ mice after IPA supplementation (Figure 5, I and J). As
expected, IPA supplementation significantly increased the volume
and surface area of KCs in Hampl”~ mice (Figure 5, K and L).
These findings further support the hypothesis that IPA is a critical
portal blood metabolite that modulates the hepatic immune defense
against bloodstream bacterial infection in Hampl~~ mice.

Colonization by IPA-producing L. intestinalis restores hepatic immune
defense against bloodstream bacterial infection in Hampl~'~ mice. Chang-
es in the profiles of gut microbiota—derived metabolites are closely
associated with characteristic alterations in gut microecology. Thus,
we next investigated whether there were any specific changes in gut
microbes between Hampl”~ mice and WT mice. We detected gut
microbial diversity and composition in fecal samples via 16S rDNA
sequencing analysis. There was no significant difference in the gut
microbiota composition at the phylum level between the 2 groups
(Supplemental Figure 14A). Hepcidin deficiency did not significant-
ly alter the microbiome biodiversity in the mouse intestine (Supple-
mental Figure 14, B and C). However, linear discriminant analysis
effect size revealed that certain probiotics, such as Lactobacillus, Akker-
mansia, Parabacteroides, Eubacterium, and Bacteroides, were enriched in
the intestines of WT mice but were scarce in the intestines of Hampl
/= mice (Supplemental Figure 14D). Moreover, a similar trend was
found among the more abundant genera (top 20, accounting for
81.15% of the gut microbial composition), in which a substantial
number of probiotics, including Lactobacillus, Akkermansia, Alistipes,
and Eubacterium, were consistently reduced in abundance in the
intestines of Hampl~”~ mice (Supplemental Figure 14E).

Since members of the genus Lactobacillus have been reported
to produce IPA, we further compared the abundance of Lactoba-
cillus species between Hampl”~ mice and WT mice. Interestingly,
among the 8 Lactobacillus species whose abundance was reduced
in Hampl”'~ mice, L. intestinalis, a functional probiotic of the genus
Lactobacillus, was highly different in abundance between Hampl/~
mice and WT mice (Supplemental Figure 14F). After L. intestina-
lis was cultured overnight at 37°C under aerobic conditions with
Man, Rogosa, and Sharpe medium, substantial increases in ILA,
IA, and IPA concentrations were detected in the supernatant, with
IPA showing the most pronounced elevation (Figure 6A, and Sup-
plemental Figure 15, A and B). More importantly, after intestinal
L. intestinalis colonization, the portal vein level of IPA in Hampl”/~
mice was significantly elevated (Figure 6B). When the mice were
further challenged with BSI with E. coli, intravital confocal micros-
copy analysis revealed that L. intestinalis colonization significantly
promoted the bacterial capture ability of KCs in Hampl~’~ mice but
did not further increase this ability in WT mice (Figure 6, C and
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D, and Supplemental Video 9). Notably, L. intestinalis colonization
improved the morphology of KCs in Hampl”~ mice (Figure 6, E
and F). The KC volume and surface area in Hampl”~ mice colo-
nized with L. intestinalis were markedly increased, whereas the KC
morphology of WT mice was not significantly affected (Figure 6,
G and H). We also observed that after L. intestinalis colonization,
the volume of KCs in Hampl”~ mice was comparable with that in
WT mice (Figure 6G), whereas the surface area of KCs in WT mice
was still relatively larger than that in Hampl”’~ mice (Figure 6H),
which once again illustrates the much greater role of cell volume in
controlling phagocytic efficiency.

Moreover, bacterial load assays performed at 2 and 24 hours
after E. coli infection demonstrated that hepatic antibacterial
defense was improved in Hampl”~ mice after L. intestinalis coloni-
zation (Supplemental Figure 16, A-D).

Taken together, these findings suggested that hepcidin defi-
ciency disrupted the homeostasis of the gut microbiota, especially
IPA-producing probiotics such as L. intestinalis, in mice. L. intesti-
nalis colonization can enhance the antibacterial defense of KCs in
HampI”~ mice during bloodstream bacterial infection.

Dietary iron restriction improves KC bacterial clearance and liver
immune defense in Hampl~'~ mice. Hepcidin is a master hormonal
regulator of systemic iron metabolism, and hepcidin deficiency can
lead to severe iron overload in mice (41). To assess the potential
impact of disturbed systemic iron on Lactobacillus abundance and
IPA production, we employed WT mice fed a standard diet, a low-
iron diet, or a high-iron diet for 4 weeks, followed by 16S rDNA
sequencing analysis and quantitative IPA concentration assays. The
WT mice fed a high-iron diet showed reduced abundance of Lacto-
bacillus and decreased portal vein level of IPA compared with those
fed a standard or low-iron diet (Supplemental Figure 17, A and B).

‘We next sought to explore whether iron deprivation could
improve the homeostasis of the gut-liver axis in Hampl~~ mice.
Therefore, HampI~~ mice were fed a low-iron or standard diet
for 4 weeks. We first examined iron parameters in Hampl”~ mice
after the iron-restricted diet. Iron load in the liver of Hampl~
/- mice was significantly alleviated (Supplemental Figure 18A),
while the iron load in the serum and spleen was comparable
with that in the control mice (Supplemental Figure 18, B and
C), which was consistent with previous reports (15, 42). We
then measured portal vein serum levels of ILA, TA, and IPA. As
expected, the mice fed the iron-restricted diet presented signifi-
cantly greater concentrations of IPA in the portal vein (Figure
7A and Supplemental Figure 19, A and B), indicating that the
homeostasis of the gut microbiota was restored in these mice.
Consistent with this finding, the morphology of KCs in the mice
fed a low-iron diet was synchronously ameliorated (Figure 7, B
and C), as reflected by the improved volume and surface area
(Figure 7, D and E).

‘We next assessed whether the iron-restricted diet had a posi-
tive effect on impaired hepatic antibacterial defense in Hampl~'~
mice. As shown by hepatic intravital imaging, KCs from mice
fed a low-iron diet exhibited better bacterial capture ability than
did those from mice fed a standard iron diet (Figure 7, F and G,
and Supplemental Video 10). Accordingly, at 2 hours after E. coli
infection, the mice fed a low-iron diet had more effective hepatic
bacterial sequestration and much less bacteremia (Supplemental
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Figure 6. Colonization by IPA-producing L. intestinalis restores hepatic immune defense against bloodstream bacterial infection in Hamp1-/- mice. (A)
IPA concentration in the culture supernatant of L. intestinalis and Man, Rogosa, and Sharpe (MRS) medium. n = 6 per group; data are presented as mean
+ SEM. (B) Portal blood level of IPA in mice pretreated with L. intestinalis or sterile PBS (control). n = 6 per group; data are presented as mean + SEM.

(C) Representative intravital microscopy (IVM) images showing KCs (red) capturing circulating E. coli-GFP (yellow) mice pretreated with L. intestinalis or
sterile PBS (control). Scale bars: 20 um. (D) Number of E. coli-GFP captured per KC. n = 6 per group; data are presented as mean + SEM. (E-H) IVM image
(E) combined with 3-dimensional reconstruction (F) to analyze KC volume (G) and surface area (H) in Hamp1/- and WT mice pretreated with L. intestina-
lis or sterile PBS (Control). Scale bars: 20 um. n = 6 per group; data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by
2-tailed Student’s t test (A) or 1-way ANOVA followed by Sidak’s multiple-comparison test (B-H). Data presented are from 6 independent experiments
(A-H). Each symbol represents an individual mouse (B-D). Symbols represent individual KCs from 6 mice with 5 fields of view per mouse (G and H).

Figure 20, A and B). Moreover, at 24 hours after E. coli infec-
tion, HampI~'~ mice fed a low-iron diet presented fewer residual
hepatic bacteria (Figure 7, H and I) and lower systemic bacteri-
al retention (Supplemental Figure 20, C-E). Restriction of iron
intake in Hampl~~ mice also significantly ameliorated histologic
damage to vital organs at 24 hours after infection (Supplemental
Figure 20, F-I).

Together, the findings further demonstrate that hepcidin, a master
regulator of systemic iron homeostasis, is important for liver immune
defense against bloodstream bacterial infection by modulating the
morphology of KCs through gut microbiota—derived metabolites.

Hepcidin levels in patients with bacteremia correlate with their clin-
ical status. Hepcidin has been reported to be a sensitive acute-
phase marker in critically ill patients (43). Hepcidin may allow

J Clin Invest. 2025;135(17):e189607 https://doi.org/10.1172/)C1189607
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early prediction and further facilitate early intervention as well
as prognostic assessment of critical illness, especially sepsis. To
echo the role of hepcidin in our murine model of bloodstream
bacterial infection, we next sought to investigate the hepcidin lev-
el in patients with bacteremia and its relationship with the clinical
characteristics of these patients. We enrolled 27 patients with pos-
itive blood cultures for E. coli, 28 patients with positive blood cul-
tures for S. aureus, and 25 noninfected controls. The demographic

J Clin Invest. 2025;135(17):e189607 https://doi.org/10.1172/)C1189607

and clinical characteristics of the cohort are listed in Supple-
mental Table 1. The plasma level of hepcidin was significantly
greater in both groups of infected patients than in the controls
(Figure 8A). In patients whose blood culture was positive for E.
coli, the plasma hepcidin level was positively correlated with the
supersensitive C-reactive protein level (Figure 8B) but negative-
ly correlated with the platelet count (Figure 8C). Moreover, the
plasma hepcidin level was positively correlated with the number
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Figure 8. Hepcidin levels in patients with bacteremia correlate with their clinical status. (A) Plasma hepcidin levels in noninfectious controls (n = 25) and
patients with E. coli bacteremia (n = 27) or with S. aureus bacteremia (n = 28). (B-D) Correlations of plasma hepcidin level with supersensitive C-reactive
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stay in all patients with bacteremia (n = 55). (I-K) Correlations of plasma ferritin level with plasma hepcidin level (1), days of antibiotic usage (J), and days
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Pearson’s correlation analysis (B-K).

of days of antibiotic usage (Figure 8D). Interestingly, similar
findings were also discovered in patients whose blood cultures
were positive for S. aureus (Figure 8, E-G). More importantly,
when these 2 groups of patients were combined for analysis, the
plasma hepcidin level was significantly positively correlated with
the days of hospitalization (Figure 8H).

Hepcidin level is closely related to the systematic iron status.
We further examined the major plasma iron parameters (iron,
ferritin, and transferrin) in patients with bacteremia. We found
that ferritin level showed a significant correlation with hepci-

din concentrations in all patients with bacteremia, whereas cir-
culating iron level and transferrin level did not (Figure 81 and
Supplemental Figure 21, A and B). Furthermore, ferritin level
positively correlated with the number of days of antibiotic usage
and with the days of hospitalization in all patients with bactere-
mia (Figure 8, J and K).

Thus, the correlation between the plasma hepcidin and fer-
ritin level and the clinical characteristics of patients with bac-
teremia further emphasized the critical role of hepcidin during
bloodstream bacterial infection.
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Discussion

In the present study, we found that hepcidin and its orchestrated
systemic iron sustained KC immune defense against bloodstream
bacterial infections by modulating the gut commensal bacteria—
derived tryptophan derivative IPA. Hepcidin deficiency compro-
mised the hepatic defense against invading bacteria and exacer-
bated systemic bacterial dissemination. This deleterious effect was
attributed to the morphological changes in KCs in Hampl~'~ mice,
which were caused by the reduced abundance of L. intestinalis in
the gut microbiota and a concomitant reduction in its metabolite
IPA in the portal vein. Moreover, exogenous IPA supplementation
and commensal L. intestinalis colonization restored hepatic immune
defense against bloodstream bacterial infections in Hampl~'~ mice.
In addition, the correlation between hepcidin levels and the clini-
cal status of patients with bacteremia further highlights the impor-
tance of hepcidin in the host defense against bloodstream bacte-
rial infections. Together, the results of the present study reveal a
previously unappreciated role of hepcidin in KC immune defense
against bloodstream bacterial infection through the regulation of
gut microbial metabolite-mediated gut-liver communication.

The liver contains the largest pool of tissue-resident macro-
phages with a high capacity for repair and regeneration, proper-
ties that give it an unparalleled advantage in host defense against
bacterial pathogen invasion. The ability of KCs to capture and
kill bacterial pathogens is well documented (7, 44). We have also
observed that KC depletion using clodronate liposomes dimin-
ished hepatic sequestration of circulating bacteria. However,
although this has been the method of choice to deplete macro-
phages, clodronate liposomes have impacts on other cell types,
including monocytes, dendritic cells, and neutrophils (45-47).
Further study using other methods such as genetically modifying
mice to selectively deplete KCs will elucidate their role in hepat-
ic immune defense (48, 49). Key molecules/signaling pathways
required for the homeostasis of KCs or their prevention of bac-
terial infections have been demonstrated (10, 27, 50). However,
factors that regulate KC function in the eradication of invading
bacteria remain largely unexplored. Our results demonstrated
that hepcidin, the master regulator of systemic iron metabolism,
prevents systemic bacterial dissemination (in both gram-positive
and -negative bacterial infection models) by modulating the anti-
bacterial defense of KCs. Notably, this effect is dependent on the
regulatory role of hepcidin in linking the long-distance communi-
cation of gut commensal bacteria with KCs.

Mature KCs present different functional phenotypes and sub-
populations (22, 23). The expansion and differentiation of KCs
early in life are synchronized with the time of microbial coloniza-
tion (24, 51). In the present study, we did not observe differences
in the distributions of KC subpopulations between Hampl”’~ and
WT mice. However, KCs from Hampl’~ mice presented mor-
phological defects and concomitant functional abnormalities in
capturing circulating bacteria but were not deficient in the ability
to kill intracellular bacteria, suggesting that hepcidin deficiency
impaired circulating bacterial clearance by KCs primarily through
altering KC morphology and then phagocytic efficiency but did
not affect KC polarization or intracellular bacterial killing. Fur-
thermore, RNA sequencing analysis with freshly isolated KCs
revealed that hepcidin deficiency led to differentially expressed

J Clin Invest. 2025;135(17):e189607 https://doi.org/10.1172/)C1189607

RESEARCH ARTICLE

genes highly involved in phagocytosis-associated biological pro-
cesses, further supporting the defective function of KCs against
invading bacteria in Hampl~”'~ mice.

Previous studies have shown that a larger cellular volume facil-
itates the local expansion and contraction of phagocytosis pseu-
dopods (33, 34), and for KCs, their morphology can be remotely
modulated by the gut microbiota (26). Interestingly, our combined
strategies of gut microbiota depletion and fecal microbiota trans-
plantation not only demonstrated that the cellular volume, rath-
er than the surface area, is decisive for phagocytic efficiency in
HampI”'~ mice but also suggested that the gut microbiota engage in
the long-lasting regulation of KC morphology/function, possibly
through intrinsically derived signals.

We further explored the key signals downstream of hepci-
din-mediated crosstalk between KCs and gut microbes. Anatom-
ically, the liver is the first organ to collect venous return from the
gut, and more than 70% of the blood enters the liver through the
portal vein, which carries gut bacteria and microbial molecules
from the gastrointestinal tract (3). Although largely unexplored,
recent evidence has indicated that gut-liver crosstalk regulates
the immune zonation and function of KCs. Persistent MYD88
(myeloid differentiation primary response protein 88)—-dependent
signaling induced by commensal bacteria leads to the asymmet-
ric localization of KCs to periportal regions (8), and commensal
bacteria—derived D-lactate reportedly promotes KC-dominated
intravascular host defense against bacterial infection (26). Using
untargeted metabolomics with further quantitative assays across
different treatment strategies, we identified IPA, a gut microbiota—
derived tryptophan derivative with significantly different con-
centrations in the portal blood between Hampl~”~ and WT mice,
as the key metabolite mediating hepatic antibacterial immune
defense. Moreover, exogenous IPA supplementation significantly
enhanced the bacterial capture capacity of KCs in HampI~'~ mice.
Although the anti-inflammatory activity of IPA has recently been
reported to exert organ-protective effects in sepsis (52-54), there
are still relatively few studies regarding the effects of IPA on mor-
phological properties of phagocytes, as well as bacterial uptake
and killing of phagocytes. Therefore, the underlying mechanisms
need further study.

‘We then continued to explore the differences in the gut micro-
bial composition between Hampl”~ and WT mice and found that
L. intestinalis, a member of the genus Lactobacillus with a reduced
abundance in Hampl~”~ mice, had a pronounced ability to produce
IPA during culture. Furthermore, colonization with the commen-
sal L. intestinalis reversed the functional abnormalities of KCs in
HampI”'~ mice, and this ameliorative effect may be attributed to the
improvement in KC morphology caused by IPA. These findings
not only demonstrated a previously unknown long-lasting effect
of hepcidin on host antibacterial immunity in addition to the iron
deprivation of pathogenic microorganisms by inducing ferroportin
degradation to induce acute-phase hypoferremia but also provided
additional insights into the role of gut-liver long-distance commu-
nication in modulating hepatic antibacterial defense.

Previous studies reported that significantly higher hepcidin
levels were observed in critically ill patients, with the highest lev-
els in septic patients (55). Here, we found that plasma hepcidin
levels were significantly greater in blood culture—positive patients
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than in noninfected controls. Moreover, hepcidin levels were posi-
tively correlated with days of in-hospital antibiotic use and length
of hospitalization. The responsive increase in hepcidin during
bacteremia indicates a stronger host response to invading bacte-
ria. Notably, admission hepcidin levels have been reported to have
high specificity with superior predictive value for long-term out-
comes in patients with infections. Compared with those with low
hepcidin levels, individuals with high hepcidin levels at admis-
sion had improved long-term survival (56, 57). Combined with
the findings from the animal study, it will be valuable to follow
up with the patients in the current study to illustrate the long-term
significance of the responsive elevation of hepcidin in the early
stages after bacteremia. Also, the findings in animal experiments
will be further validated and extended in future clinical prospec-
tive studies that include portal vein IPA levels, bacterial loads, and
fecal Lactobacillus abundance in patients with bacteremia.

In summary, our findings reveal a previously unappreciated
long-lasting mechanism of hepcidin involvement in host defense.
Hepcidin deficiency affects KC-mediated hepatic defense against
bloodstream bacterial infections through the commensal L. intes-
tinalis and its tryptophan derivative IPA. More importantly, from
a translational perspective, restoring the crosstalk between the gut
microbiota and liver through probiotic L. intestinalis colonization,
dietary IPA supplementation, or dietary iron manipulation may
offer a promising strategy for enhancing host defense against blood-
stream bacterial infections in those with low hepcidin levels and a
high risk of bacterial infection.

Methods

Sex as a biological variant. All animal studies included equal representa-
tions of male and female mice. Sample collection involved both male
and female patients.

See Supplemental Methods for additional information.

Study approval. The human study was approved by the Ethics Com-
mittee of Children’s Hospital, Zhejiang University School of Med-
icine, and informed consent was obtained from all patients or their
surrogates. All of the animal studies were approved by the Laboratory
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Animal Welfare and Ethics Committee of Zhejiang University, and the
handling of the animals was conducted in accordance with the NIH
guidelines for ethical animal treatment.

Data availability. The raw RNA sequencing data have been deposit-
ed in the National Center for Biotechnology Information Gene Expres-
sion Omnibus database under accession number GSE297752. Data
supporting the findings of this study are included in the main article
and Supporting Data Values file, which is available online as supple-
mental material.
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