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SUMMARY
Iron limitation plays a fundamental role in host immunity against Salmonella infection. The mechanisms by
which Salmonella antagonizes nutritional immunity, particularly those regulated by small non-coding RNAs
(sRNAs), remain incompletely understood. In this study, we investigated the role of a previously identified
sRNA, Salmonella adhesive-associated sRNA (SaaS), in host iron metabolism. Utilizing a combined BALB/c
mouse model and HepG2 cell model, we demonstrated that SaaS enhances hepcidin synthesis via the bone
morphogenetic protein (BMP)-SMAD pathway, leading to decreased ferroportin 1 level. This suppression of
ferroportin 1 results in reduced serum iron and increased hepatic iron accumulation, ultimately causing iron-
deficiency anemia. The accumulation of iron triggers hepatic oxidative stress, exacerbating liver damage.
Concurrently, SaaS activates the signal transducer and activator of transcription 3 (STAT3) pathway in a trig-
gering receptor expressed on myeloid cells-1 (TREM1)-interleukin (IL)-6-dependent manner, intensifying
the inflammatory response. Collectively, these results provide evidence that sRNAs serve as crucial
regulators of Salmonella pathogenesis and underscore the potential of targeting sRNAs for the prevention
of salmonellosis.
INTRODUCTION

Non-typhoidal Salmonella (NTS) represents a significant public

health challenge globally. Unlike typhoidal Salmonella, which

causes the systemic disease of typhoid and is primarily confined

to developing countries, NTS is found worldwide. NTS typically

leads to self-limiting subacute or acute gastroenteritis, character-

ized by diarrhea, abdominal pain, and vomiting in individuals of all

ages1,2; however, the dissemination of NTS throughout the body,

including various extra-intestinal tissues such as the liver, can

result in life-threatening septicemia.3 This form of salmonellosis

poses an ongoing risk and is one of the most considerable con-

tributors to the high global burden of disease, particularly in Africa

and Southeast Asia.4 NTS comprises numerous serovars, with

SalmonellaEnteritidis being one of themost commonly implicated

pathogens. S. Enteritidis is a facultative anaerobic, gram-nega-

tive, food-borne enteropathogen that belongs to the Enterobac-

teriaceae family, affecting both humans and animals. Recently,

S. Enteritidis has been frequently reported in outbreaks of food-

borne illnesses.5,6 Therefore, monitoring S. Enteritidis and under-

standing its mechanisms of invasion are crucial for preventing

microbial infections and their progression.
iScience 28, 111660, Febru
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Iron is an essential component for nearly all living organisms

and is the most abundant transition metal found in the human

body.7 In bacteria, iron serves as a catalyst in cellular enzymatic

processes by facilitating redox reactions and plays a critical role

in several vital life processes, including nitrogen fixation, central

metabolism, and DNA replication.8 Furthermore, it significantly

influences the intracellular proliferation and survival of Salmo-

nella.9 To prevent pathogens from acquiring iron and thereby in-

hibiting their growth, host cells employ various defense strate-

gies to sequester iron during infections, a phenomenon known

as nutritional immunity.7 The general strategy involves reducing

intracellular Fe2+ concentrations through mechanisms such as

(1) inhibiting extracellular Fe uptake, (2) promoting Fe3+ storage

in ferritin, or (3) increasing cellular Fe2+ efflux.10 In response to

fluctuations in iron availability within a host environment, many

pathogens have evolved diverse strategies to divert iron from

their hosts into their own metabolic pathways. For instance, Sal-

monella has been reported to activate various elements to pro-

mote its own iron acquisition, including the siderophore entero-

bactin,3 UMPylator YdiU,11 and small non-coding RNAs (sRNAs)

known as RyhB paralogs.12 Recent findings suggest that these

sRNAs act as post-transcriptional regulators, influencing
ary 21, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
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physiological processes. This intense competition for limited iron

resources significantly impacts the establishment, progression,

and outcome of infections.

sRNAs are generally untranslated and range in length from 50

to 500 nucleotides.13 They are well known for their roles in

sensing and responding to environmental changes, such as

DsrA, which is involved in redox balance and oxidative stress,14

and FimR2, which is associated with bacterial motility in vitro.15

In contrast, the in vivo environment is more complex and diverse,

where sRNAs are believed to fulfill their potential in host-path-

ogen interactions, promoting bacterial survival and enhancing

pathogenesis. Competition for iron is a critical aspect of the

host-pathogen interaction during Salmonella infection. The hep-

cidin (encoded by Hamp) and ferroportin 1 (FPN1; encoded by

Fpn1) form an essential combination responsible for maintaining

iron balance in the body. FPN1 is recognized as the sole iron

exporter, while hepcidin, primarily secreted by hepatocytes,

can degrade FPN1 by binding to it and initiating its internaliza-

tion, thereby preventing iron efflux.16,17 Recent research has

shown that following Salmonella infection, mice exhibit

increased hepcidin synthesis and decreased FPN1 levels, with

these changes contributing to the growth of Salmonella in vivo.18

However, whether and how sRNAs modulate the interaction be-

tween Salmonella and the host hepcidin-FPN1 axis, and thus

interfere with host iron homeostasis, remains unknown.

Our earlier research identified a small RNA, Salmonella adhe-

sive-associated sRNA (SaaS), which is highly conserved across

various Salmonella species, including serovars Enteritidis, Typhi-

murium, Newport, Heidelberg, and Agona.19 This conservation

suggests that sRNA SaaS plays a significant role in Salmonella

functionality. Further investigations revealed the diverse mecha-

nisms by which SaaS influences Salmonella functions, including

the regulation of biofilm formation, mortality, systemic inflamma-

tion, and intestinal dissemination in mice. Recently, SaaS was

shown to enhance the hepatic pathogenicity of Salmonella,

particularly by increasing their ability to colonize the liver20; how-

ever, the underlying mechanism remains unclear. Therefore, the

objective of this study was to elucidate the specific role of

SaaS in Salmonella hepatic pathogenicity and its function in sys-

temic iron metabolism in vivo. Our findings offer potential sRNA-

based prevention targets and strategies to combat Salmonella

infection and contribute to the understanding of the regulatory

network through which Salmonella interacts with the host.

RESULTS

sRNA SaaS interferes with host iron redistribution and
liver injury
This study assessed whether the sRNA SaaS enhances the he-

patic pathogenicity of Salmonella. Mice infected with the wild-

type (WT) strain and the SaaS complement strain (DsaaS/psaaS)

exhibited similar changes throughout the study. WT-infected

mice demonstrated a significantly higher release (p < 0.05) of

aspartate aminotransferase (AST), alanine aminotransferase

(ALT), and lactate dehydrogenase in the serum over time

compared to those infected with the SaaS mutant strain (DsaaS)

(Figure 1A), indicating aggravated liver injury. Given the complex

etiology, the AST/ALT ratio, which serves as a more reliable indi-
2 iScience 28, 111660, February 21, 2025
cator of liver functional impairment due to various acute and

chronic liver diseases, was subsequently employed to assess

the extent of liver injury attributed to SaaS. The results indicated

that AST, rather than ALT, was the primary altered factor, as evi-

denced by the increased AST/ALT ratio (greater than 1; Fig-

ure 1A), confirming significant hepatocyte damage caused by

S. Enteritidis. Furthermore, a higher AST/ALT ratio in the WT

group further corroborated that SaaS enhances Salmonella he-

patic pathogenicity.

Considering the liver’s critical role in iron homeostasis, the

host iron distribution across each group was evaluated. In align-

ment with the previous findings, the WT group exhibited signifi-

cantly decreased serum iron levels and a corresponding signifi-

cant increase in hepatic iron levels (p < 0.05) compared to the

DsaaS group (Figure 1B). Consistently, Prussian blue-DAB stain-

ing demonstrated a greater presence and intensity of sepia in the

WT group compared to theDsaaS group at both time points (Fig-

ure 1C), indicating a higher accumulation of hepatic iron. These

results demonstrate that the SaaS sRNA is crucial for bacterial

pathogenicity in damaging liver cells and disrupting host iron

distribution.

SaaS disturbs systemic iron metabolism and induces
iron-deficiency anemia
Iron redistribution and sequestration during infection can lead to

anemia,21 and this study evaluated the symptoms associated

with host iron redistribution. As shown in Figure 2A, the levels

of red blood cells (RBCs), hemoglobin (HGB), and hematocrit

(HCT) in the WT group were significantly lower (p < 0.05) than

those in the DsaaS and control groups. Meanwhile, the erythro-

cyte indices, including mean corpuscular volume (MCV), mean

corpuscular hemoglobin (MCH), mean corpuscular hemoglobin

concentration (MCHC), and the coefficient of variation of RBC

distribution width (RDW-CV), exhibited corresponding changes.

There was no significant difference in the levels of MCV, MCH,

MCHC, and RDW-CV between the WT group and the DsaaS

group at 72 h post infection (hpi). However, at 120 hpi, the levels

of MCV and MCH were significantly lower in the WT group

compared to the control and DsaaS groups; conversely, the

levels of MCHC were significantly higher in the WT group than

in the control and DsaaS groups. The higher MCHC in the WT

group, despite insufficient hemoglobin synthesis and decreased

MCV and MCH, may be attributed to a compensatory increase.

Additionally, there was no significant difference in the levels of

RDW-CV between theWT and DsaaS groups, ruling out the pos-

sibility of an abnormal RBC size distribution and further indi-

cating a homogeneous microcytic anemia,22 such as iron-defi-

ciency anemia. The expression of haptoglobin (Hp) was also

assessed (Figure 2B), revealing that the levels of Hp mRNA in

the Salmonella-treated groups were significantly higher than

those in the control group at both 72 and 120 hpi, thus excluding

the possibility of hemolytic anemia.23 Subsequently, serum iron

parameters were analyzed to elucidate detailed symptoms.

The concentrations of unsaturated iron-binding capacity

(UIBC), total iron-binding capacity (TIBC), and transferrin satura-

tion (Tf sat) were significantly lower (p < 0.05) in the WT group

compared to the DsaaS group during infection (Figure 2B).

Furthermore, serum ferritin levels were significantly lower



Figure 1. SaaS interferes with host iron redistribution and liver injury

(A) The concentration of serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), and lactate dehydrogenase (LDH) and the ratio of AST to ALT

after indicated infection length, N = 8.

(B) The concentration of hepatic and serum iron after indicated infection length, N = 8.

(C) Representative Prussian blue-DAB staining for iron in liver tissues after indicated infection length; original magnification, 320 (scale bar, 50 mm).

Data are represented as mean ± SD. Statistical significance was determined by an independent Student’s t test. *p < 0.05, **p < 0.01 versus control; #p < 0.05,
##p < 0.01 versus DsaaS.
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(p < 0.05) in the WT group than in the DsaaS group during the

later phase of infection (Figure 2C). Notably, serum ferritin levels

were significantly higher in theWT group than in theDsaaS group

at 72 hpi. Our data demonstrate that SaaS-mediated Salmonella

invasion disrupts systemic ironmetabolism, resulting in systemic

iron-deficiency anemia.

To evaluate potential relationships between bacterial burden

and plasma and cellular iron status, Spearman’s correlation

analysis was conducted (Figure 2C). At 72 hpi, bacterial burden
was positively correlated with hepatic iron and serum ferritin,

while it was negatively correlated with serum iron, TIBC, and

TF sat. Notably, with the exception of serum ferritin, these corre-

lations were also observed at 120 hpi, where an additional seven

correlations were identified: bacterial burden was positively

correlated with RBCs, HGB, HCT, MCV, and MCH, while it was

negatively correlated with MCHC and haptoglobin. This pattern

indicates a worsening condition of iron-deficiency anemia during

the SaaS-mediated Salmonella invasion.
iScience 28, 111660, February 21, 2025 3
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SaaS disturbs systemic iron metabolism by suppressing
FPN1-mediated iron export
Maintaining the balance between iron export and uptake is vital

for body iron homeostasis, with the hepcidin-FPN1 axis being a

key regulator.24 SaaS was hypothesized to contribute to Salmo-

nella-induced systemic iron-deficiency anemia by affecting this

axis. Analysis revealed that WT-infected mice had significantly

lower hepatic FPN1 levels compared to the DsaaS group at

both time points, but significantly higher hepatic Hamp gene

expression was only observed at 120 hpi in WT-infected mice

(Figure 3A). This suggests that the successful activation of the

hepatic hepcidin-FPN1 axis occurred during the late stage.

Conversely, in the DsaaS group, the expression of hepatic ceru-

loplasmin (encoded by Cp)—a protein involved in the binding of

transferrin (TF; encoded by Trf) to iron and its transport in plas-

mawas approximately twice as high as that observed in the

WT group. This finding indicates that SaaS plays a significant

role in the widespread suppression of iron export during Salmo-

nella invasion.

For iron uptake, we assessed the levels of critical genes in the

TF route, including Trf and Tfr1, as well as in the non-TF route,

which includes divalent metal transporter 1 (Dmt1) and zrt/irt-

like protein 14 (Zip14) (Figures 3B and 3C). The expression of

Trf and Tfrc1 mRNAs was significantly lower (p < 0.05) in the

WT group compared to the DsaaS group, indicating that SaaS

suppresses the TF route. In contrast, the expression of Dmt1

and Zip14 mRNAs was significantly higher in the WT group

than in the DsaaS group, demonstrating a pronounced time-

dependent increase that suggests compensatory activation of

non-TF iron uptake in response to the suppressed TF route.

Therefore, we propose that by targeting FPN1, SaaS contributes

to the suppression of iron export induced by Salmonella, leading

to iron accumulation in the liver.

SaaS promotes the activation of the hepcidin-FPN1 axis
through Hjv-mediated BMP/SMAD pathway
Hepatic hepcidin levels are primarily regulated by two indepen-

dent signaling pathways: the bone morphogenetic protein

(BMP)/SMAD pathway and the interleukin (IL)-6/Janus kinase

(JAK)/signal transducer and activator of transcription 3 (STAT3)

pathway.25 To elucidate the signaling mechanism mediated by

SaaS, we examined the protein phosphorylation levels of hepatic

SMAD1/5/9 and STAT3 in mice infected with Salmonella. As

illustrated in Figures 3D and 3E, the phosphorylation levels of

SMAD1/5/9 and STAT3 in the WT-infected mice were signifi-
Figure 2. SaaS disturbs systemic iron metabolism and induces iron-de

(A) The levels of hematological parameters, including red blood cells (RBCs), h

corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (M

CV) after indicated infection length, N = 8.

(B) The expression of Hp mRNA (encoding haptoglobin) after indicated infection

(C) The levels of serum iron parameters including unsaturated iron-binding capac

after indicated infection length, N = 8.

(D) The concentration of serum ferritin after indicated infection length, N = 8.

(E) The correlation analysis between the bacterial burden and plasma and cellul

represents significant negative correlation, and the independent right color bars

Data are represented as mean ± SD. Statistical significance was determined by a
##p < 0.01 versus DsaaS.
cantly higher (p < 0.05) than those observed in the DsaaS-in-

fected mice.

We initially evaluated the BMP/SMAD pathway based on dra-

matic changes in pSMAD1/5/9 levels. Two distinct complexes

were identified: one comprising matriptase-2 (TMPRSS6) and

hemojuvelin (HJV), and the other consisting of the homeostatic

iron regulator (HFE) and TFR2, both of which influence pSMAD

levels independently of each other.26,27 To investigate how

SaaS facilitates the activation of the BMP/SMAD pathway, we

assessed the expression levels of both complexes. As illustrated

in Figure 4A, Tmprss6 mRNA expression in the WT group was

significantly lower than that in the DsaaS group. In contrast,

Hjv mRNA expression, which can be suppressed by Tmprss6,

was significantly increased (p < 0.05) in the WT group compared

to the DsaaS group, indicating a potential activation of the

TMPRSS6-HJV pathway. Importantly, no significant differences

were observed in the levels of Hfe and Tfr2 mRNAs throughout

the study period, thereby excluding the regulatory involvement

of the HFE and TFR2 complex.

To further elucidate the roles of Tmprss6 and Hjv in SaaS-

mediated Salmonella invasion, both genes were silenced using

small interfering RNA (siRNA) in the HepG2 cell model. The effi-

cacy of siRNA silencing in this study was confirmed by quantita-

tive reverse-transcription PCR (RT-qPCR), achieving an effi-

ciency greater than 70% (Figure S1). As illustrated in

Figure 4B, during normal Salmonella invasion, the expression

levels of HAMP and FPN1 levels in the WT group were signifi-

cantly higher and lower, respectively (p < 0.05), compared to

the DsaaS group, aligning with the in vivo invasion results.

Following transfection withHJV siRNA, no significant differences

were observed in the expression levels of HAMP and FPN1

levels, indicating that HJV silencing could negate the effects of

SaaS on hepcidin and FPN1 levels. Conversely, after transfec-

tion with TMPRSS6 siRNA, significant differences (p < 0.05) in

both HAMP and FPN1 levels between the WT group and the

DsaaS group persisted, showing no significant changes

compared to those under negative control (NC) siRNA treatment.

These results confirm that HJV, rather than TMPRSS6, is the crit-

ical regulatory site of the hepcidin-FPN1 axis mediated by SaaS.

SaaS contributes to the activation of the hepatic JAK/
STAT3 pathway and promotes inflammatory response
To date, the IL-6-JAK/STAT3-estrogen receptor-related recep-

tor g (ERRg)-mediated hepcidin synthesis pathway has been

successfully established.28 Recent studies have reported that
ficiency anemia

emoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean

CHC), and the coefficient of variation of red blood cell distribution width (RDW-

length, N = 8.

ity (UIBC), total iron-binding capacity (TIBC), and transferrin saturation (Tf sat)

ar iron status; red color represents significant positive correlation, cyan color

depict correlation coefficients.

n independent Student’s t test. *p < 0.05, **p < 0.01 versus control; #p < 0.05,

iScience 28, 111660, February 21, 2025 5



Figure 3. SaaS disturbs systemic iron metabolism by suppressing FPN1-mediated iron export

(A) The concentration of hepatic ferroportin 1 (FPN1) and the gene expression of Hamp (encoding hepcidin) and Cp (encoding ceruloplasmin) after indicated

infection length, N = 8.

(B) The gene expression of hepatic transferrin pathway including Trf (encoding transferrin) and Tfr1 (encoding transferrin receptor 1) after indicated infection

length, N = 8.

(C) The gene expression of hepatic non-transferrin pathway including Dmt1 (encoding divalent metal transporter 1) and Zip14 (encoding zrt/irt-like protein 14)

after indicated infection length, N = 8.

(D) Western blot analysis of liver lysates with specific antibodies to pSMAD1/5/9 after indicated infection length.

(E) Western blot analysis of liver lysates with specific antibodies to pSTAT3 after indicated infection length. For RT-qPCR analysis, the dash line was corre-

sponding to the control group. For western blot analysis, densitometric analysis of both proteins to GAPDH protein is shown.

Data are represented as mean ± SD. Statistical significance was determined by an independent Student’s t test. *p < 0.05, **p < 0.01 versus control; #p < 0.05,
##p < 0.01 versus DsaaS.
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the triggering receptor expressed on myeloid cells-1 (TREM-1)

promotes pro-inflammatory levels, particularly IL-6, which is

implicated in hepcidin production.18 To investigate the potential

activation of this pathway, we evaluated the levels of IL-6 and the

expression of Trem1 and Esrrg (encoding ERRg) mRNAs. As

illustrated in Figure 5A, although the expression of Trem1

mRNA and IL-6 levels was significantly higher (p < 0.05) in the

WT group compared to the DsaaS group during the later period,

no significant difference was observed in the expression of Esrrg

mRNA between the groups, indicating that hepcidin synthesis

was not activated.

In addition to regulating hepcidin synthesis, the JAK/STAT

pathway participates in a variety of biological processes,

including apoptosis, inflammatory response, and immune regu-

lation. Given the elevated IL-6 levels induced by SaaS, we in-

ferred that the JAK/STAT pathway intensifies the inflammatory

response in this study. As illustrated in Figure 5B, the levels of

pro-inflammatory cytokines, including IL-1, tumor necrosis fac-

tor alpha, and interferon-g, were significantly higher (p < 0.05)

in the WT group compared to the DsaaS group throughout the
6 iScience 28, 111660, February 21, 2025
entire period. Although there was no significant difference in

IL-10 levels between the groups, the levels of the anti-inflamma-

tory cytokine transforming growth factor b were significantly

lower (p < 0.05) in the WT group than in the DsaaS group, indi-

cating a clear pro-inflammatory effect of SaaS. These findings

support our observation that SaaS activates STAT3 to promote

the inflammatory response rather than hepcidin expression.

SaaS decreases hepatic FPN1 level by inhibiting Hif2a

expression
In addition to the typical regulation of hepcidin, FPN1 is tran-

scriptionally regulated by various transcription factors, including

metal regulatory transcription factor 1 (Mtf1), theHif family (Hif1a

and Hif2a), and nuclear factor erythroid-2-related factor 2

(Nrf2).29 Considering the decreased levels of FPN1 alongside un-

differentiated hepcidin among the groups at the early stage, we

determined the mRNA levels of Hif1a, Hif2a, Mtf1, and Nrf2 to

gain a comprehensive understanding of the downregulation of

FPN1 mediated by SaaS. The expression of Mtf1 and Nrf2

mRNAs remained consistent across all groups throughout the



(legend on next page)
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entire period (Figure 6A); however, the expression of the Hif fam-

ily in theWT group was significantly lower (p < 0.05) compared to

that in the DsaaS group. Therefore, it was hypothesized that

SaaS downregulates Fpn1 mRNA levels through one or both

members of the Hif family. To further investigate this, a HepG2

transfection and invasion model was established. Following

transfection with HIF1A or HIF2A siRNA, significant differences

(p < 0.05) in FPN1 levels between the WT group and the DsaaS

group persisted, with no notable changes observed compared

to the NC siRNA treatment (Figure 6B). This indicates that

SaaS does not utilize the Hif family to regulate FPN1 levels.

SaaS triggers oxidative stress but not ferroptosis in the
liver
The accumulation of iron can lead to oxidative stress through the

Fenton reaction. As illustrated in Figure 7A, the WT group ex-

hibited significantly lower levels of catalase (CAT), superoxide

dismutase (SOD), and glutathione (GSH), alongside significantly

higher levels of malondialdehyde (MDA) compared to the DsaaS

group. These findings confirm that SaaS induces oxidative

stress in the liver via iron accumulation.

Ferroptosis, a recently identified regulatory form of cell death,

has garnered considerable attention.30 Both iron overload and

oxidative stress are known inducers of ferroptosis. Given the

observed iron accumulation and the subsequent oxidative stress

coupled with GSH downregulation, it is inferred that Salmonella,

mediated by SaaS, induces host ferroptosis. As depicted in Fig-

ure 7B, although the expression of solute carrier family 11, mem-

ber 1 (Slc7a11) mRNAwas significantly lower (p < 0.05) in theWT

group compared to the DsaaS group, the protein levels of GPX4,

a central regulator of ferroptosis closely associated with lipid

peroxidation,31 were significantly higher (p < 0.05) in the WT

group throughout the entire infection period (Figure 7B). This

suggests the presence of an active compensatory mechanism

that prevents ferroptosis.

DISCUSSION

Both excessive and insufficient iron levels are detrimental, lead-

ing to tissue damage and resulting in conditions such as anemia

or fibrosis. Given that the intracellular growth and replication of

Salmonella require adequate iron, the restriction of iron is

considered a critical component of the innate resistance to Sal-

monella infection, thereby protecting the host from severe symp-

toms.10,18 Consequently, we hypothesized that Salmonella may

utilize sRNAs to manipulate host iron availability. This study as-

sessed the sRNA SaaS-mediated effects of Salmonella on the

liver, a key organ involved in iron homeostasis. The results indi-

cated that the increased hepatic bacterial burden due to SaaS

resulted in more severe liver injury, characterized by decreased
Figure 4. SaaS promotes the activation of the hepcidin-FPN1 axis thro

(A) The gene expression of hepatic Tmprss6 (encoding matriptase-2), Hjv (encodi

transferrin receptor 1) after indicated infection length, N = 8.

(B) The gene expression ofHAMP (encoding hepcidin) and the concentration of fer

the corresponding small interfering RNA (siRNA), n = 5. For RT-qPCR analysis, t

Data are represented as mean ± SD. Statistical significance was determined by a
##p < 0.01 versus DsaaS.
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serum iron levels and increased hepatic iron content; multiple re-

ports support this observation.18,28 Serum iron limitation nega-

tively impacts hemoglobin synthesis, leading to decreased

HCT and anemia in iron-deficient states, with anemia being the

most recognizable sign of iron deficiency.32 Here, induced

iron-deficiency anemia was confirmed by decreases in RBCs,

HGB, HCT, and iron parameters such as UIBC, TIBC, and Tf

sat, suggesting that the host was prompted to withhold iron

from pathogens to inhibit their growth.24 Consequently, this

strategy resulted in hepatic iron retention. Notably, increased

serum ferritin levels were observed only in the WT group at

72 hpi, a response also seen in mice infected with both Salmo-

nella and Listeria monocytogenes at the same time point,24 indi-

cating a potentially common response during early infection.

Closely associated with infectious anemia, the hepcidin-FPN1

axis is a critical component of iron homeostasis and has been

confirmed as a detrimental factor in host resistance to Salmo-

nella, particularly by promoting hepatic bacterial loads.18 As ex-

pected, the hepcidin-FPN1 axis was activated by SaaS, leading

to hepatic iron accumulation and increased bacterial loads. The

hepcidin-FPN1 axis has been reported to be exploited by intra-

cellular pathogens to restrict the RBC pool in various organs

and cells,22,33 which partially explains the observed decrease

in RBCs due to SaaS in this study. FPN1-associated iron efflux

is typically coupled with the multi-copper ferroxidase CP,34

and the depletion of either FPN1 or CP results in increased iron

accumulation and heightened sensitivity of cells to ferropto-

sis.35,36 Concurrently, along with decreased FPN1 levels, the

expression of Cp mRNA was diminished by SaaS, leading to a

reduced capacity for iron export. However, the effect of SaaS

on hepatic iron absorption is complex, characterized by elevated

non-TF iron uptake alongside a suppressed TF route. This sug-

gests a compensatory activation of the host defense and under-

scores the specific role of SaaS in modulating iron export via the

hepcidin-FPN1 axis. Therefore, further investigation is warranted

to elucidate how SaaS achieves this modulation.

In contrast to the activation of the JAK/STAT3 pathway by the

effector SpvB,18 SaaS activated both the BMP/SMAD and JAK/

STAT3 pathways, differentiating them by their distinct functions

in this study. HJV is expressed in the liver, where hepcidin is pro-

duced. As a recently identified factor, HJV positively regulates

the SMAD pathway and promotes the production of hepcidin,

which is associated with tissue iron overload,37 while

TMPRSS6 can cleave membrane-bound HJV and negatively

regulate hepcidin expression.27 This work provides experimental

evidence that during SaaS-mediated Salmonella infection, HJV

is essential for positively regulating hepcidin expression and

the subsequent expression of FPN1 in liver cells. In contrast,

TMPRSS6 was found to be ineffective, partly due to its low

expression levels. Similar to HJV in the BMP/SMAD pathway,
ugh the Hjv-mediated BMP/SMAD pathway

ng hemojuvelin), Hfe (encoding homeostatic iron regulator), and Tfr2 (encoding

roportin 1 (FPN1) in HepG2 cells infectedwithSalmonella after transfectionwith

he dash line was corresponding to the control group.

n independent Student’s t test. *p < 0.05, **p < 0.01 versus control; #p < 0.05,



Figure 5. SaaS contributes to the activation of the hepatic JAK/STAT3 pathway and promotes inflammatory response

(A) The concentration of hepatic interleukin (IL)-6 and the gene expression of Trem1 (encoding triggering receptor expressed on myeloid cells-1) and Esrrg

(encoding estrogen receptor-related receptor g) after indicated infection length, N = 8.

(B) The concentrations of inflammatory cytokines including interleukin (IL)-1b, tumor necrosis factor alpha (TNF-a), interferon-g (IFN-g), IL-10, and transforming

growth factor b (TGF-b) after indicated infection length, N = 8. For RT-qPCR analysis, the dash line was corresponding to the control group.

Data are represented as mean ± SD. Statistical significance was determined by an independent Student’s t test. *p < 0.05, **p < 0.01 versus control; #p < 0.05,
##p < 0.01 versus DsaaS.
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Figure 6. SaaS decreases hepatic FPN1 level by inhibiting Hif2a expression

(A) The gene expressions of Mtf1 (encoding metal regulatory transcription factor 1), Nrf2 (encoding nuclear factor erythroid-2-related factor 2), Hif1a (encoding

hypoxia-inducible factor 1a), and Hif2a (encoding hypoxia-inducible factor 2a) after indicated infection length, N = 8.

(B) The concentration of ferroportin 1 (FPN1) in HepG2 cells infectedwithSalmonella after transfection with the corresponding small interfering RNA (siRNA), n = 5.

For RT-qPCR analysis, the dash line was corresponding to the control group.

Data are represented as mean ± SD. Statistical significance was determined by an independent Student’s t test. *p < 0.05, **p < 0.01 versus control; #p < 0.05,
##p < 0.01 versus DsaaS.
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ERRg is also indispensable in the JAK/STAT3 pathway-medi-

ated hepcidin production. Hepatic ERRg expression, regulated

by IL-6-mediated transactivation of STAT3, can induce hepcidin

production and lead to eventual hypoferremia in mice. Further-

more, the ablation of EsrrgmRNA in the liver can normalize these
10 iScience 28, 111660, February 21, 2025
responses.29 In this study, despite the successful activation of

TREM1, IL-6, and pSTAT3, the effect was gradually attenuated

and insufficient to further promote the expression of Esrrg

mRNA, resulting in undifferentiated Esrrg mRNA expression

and, ultimately, no impact on hepcidin production. Nevertheless,



(legend on next page)
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this study successfully correlated the activated JAK/STAT

pathway with the pro-inflammatory response in the liver. Almost

all liver diseases are accompanied by inflammation,38 and

continuous inflammatory stimuli typically contribute to signifi-

cant damage to hepatic cells and liver function.39 The aforemen-

tioned TREM1 is upregulated during bacterial infections and has

been shown to significantly exacerbate hepatic inflamma-

tion.18,40 In line with the elevated IL-6 levels, the expression of

Trem1 mRNA and various pro-inflammatory cytokines was

enhanced, while the levels of anti-inflammatory cytokines were

diminished. This indicates a cascading amplification of the he-

patic inflammatory response via the SaaS-mediated JAK/STAT

pathway.

In comparison to hepcidin, Hif2a takes precedence in regu-

lating FPN1 at the transcriptional level. The HIF family modulates

the expression of iron-associated factors, such as DMT1 and

DcytB, during acute iron deficiency,41 which is crucial for iron

metabolism and cellular survival. Beyond its role in iron homeo-

stasis, HIF2A serves as the principal regulator of erythropoiesis;

mutations in HIF2A lead to dysregulation of erythropoiesis,42

which aligns with the observed decrease in RBCs in this study.

While the relationships between SaaS and the HIF family were

explored here, the reason why the downregulation observed at

the mRNA level is not reflected at the functional (protein) level re-

mains unclear.

Excess iron can generate hydroxyl-free radicals through the

Fenton reaction, leading to liver impairment via oxidative

stress.43,44 Increased levels of MDA and decreased activities of

antioxidant enzymes, such as SOD, CAT, andGSH, typically indi-

cate the presence of oxidative stress and subsequent cellular

injury.44,45 As anticipated, SaaS-induced oxidative stress was

confirmed by the reduction in the activities of these antioxidant

enzymes and the elevation of MDA levels. To mitigate oxidative

stress in the liver, CP is synthesized to catalyze the conversion

of Fe2+ to Fe3+, with ferritin released to transport, and store

excess free iron in the liver.46,47 Interestingly, SaaSwas observed

to suppress the levels of CP and ferritin, potentially contributing to

the heightened oxidative stress observed in this study. Further-

more, increased bacterial colonization results in greater secretion

of lipopolysaccharides by gram-negative bacteria, such as Sal-

monella, which can trigger downstream signaling cascades that

elevate oxidative stress, promote cell death, and even lead to fer-

roptosis. Despite the presence of critical prerequisites, including

iron overload and oxidative stress, ferroptosiswas not inducedby

SaaS, likely due to the upregulation of GPX4 protein levels, a key

regulator of ferroptosis. The impaired xCT system, consisting of

SLC3A2 and SLC7A11, partially accounts for the reduced GSH

levels observed with SaaS, as it is responsible for importing

cysteine necessary for GSH biosynthesis.48
Figure 7. SaaS triggers oxidative stress in the liver

(A) The concentration of hepatic catalase (CAT), superoxide dismutase (SOD), g

N = 8.

(B) The gene expression of hepatic Slc7a11 (encoding solute carrier family 11, m

GPX4 after indicated infection length. For RT-qPCR analysis, the dash line was

analysis of GPX4 protein to GAPDH protein is shown.

Data are represented as mean ± SD. Statistical significance was determined by a
##p < 0.01 versus DsaaS.
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In summary, this study proved that SaaS sRNA is essential for

Salmonella-induced dysregulation of host iron homeostasis.

Focusing on FPN1, SaaS activates the HJV-mediated BMP/

SMAD pathway, leading to the upregulation of hepatic hepcidin,

which degrades FPN1 and results in hepatic iron accumulation

and hypoferremia. SaaS sRNA contributes to the activation of

the TREM1-mediated IL-6/JAK/STAT3 pathway, which en-

hances hepatic inflammatory levels rather than promoting hepci-

din expression. Furthermore, the iron accumulation mediated by

SaaS promotes a hepatic oxidative response. This study ad-

vances our understanding of the pathogenicity associated with

the sRNA SaaS in Salmonella.

Bacterial pathogens have evolved virulence factors to colo-

nize, replicate, and disseminate within the host. sRNAs have

been known as critical virulence factors and regulators in the

virulence of pathogens, especially that of the Salmonella, but

how sRNAs regulate the behavior of pathogens within the

host is unknown. In the absence or complement of sequence

to sRNAs of interest, investigating the function of sRNAs can

be achieved in vivo. Here, we validated sRNA SaaS-mediated

FPN1 suppression as an effective strategy for Salmonella to

antagonize nutritional immunity, namely iron competition, in

the host and identified the BMP-SMAD pathway as the critical

manner. Meanwhile, the SaaS-mediated regulation triggered

iron accumulation in the liver and led to hepatic oxidative

stress. Our data indicate that SaaS also activated the STAT3

pathway in a TREM1-IL-6-dependent manner, intensifying the

hepatic inflammatory response. The successful investigation

of the function of sRNAs in Salmonella-host interaction has sig-

nificant implications, not only highlighting the essential roles of

sRNAs in pathogenicity and guiding researchers to focus on

these important regulators for further investigation but also

providing a straightforward target for the control of various

pathogens.

Limitations of the study
In this study, we found that sRNA SaaS can regulate the hepci-

din-FPN1 axis with the HJV indispensable. However, the under-

lyingmechanisms of SaaS regulating HJV in the liver remains un-

clear, and further experimental studies are needed. In addition,

after SaaS-mediated invasion, the different manners of iron up-

take by the transferrin and non-transferrin routes will require

further elucidation. In studies of pathogen-host interactions,

particularly those involving Salmonella and its interactions with

mice, young female mice are commonly employed as animal

models. Given considerations of animal ethics and the appropri-

ateness of using young female mice, this study did not include

male mice. However, it is important to note that the physiological

cycle of female mice, characterized by relatively unstable
lutathione (GSH), and malondialdehyde (MDA) after indicated infection length,

ember 1) and western blot analysis of liver lysates with specific antibodies to

corresponding to the control group. For western blot analysis, densitometric

n independent Student’s t test. *p < 0.05, **p < 0.01 versus control; #p < 0.05,
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hormones and other bodily substances, may affect the general-

izability of the findings.
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Antibodies

Phospho-Smad1(Ser463/465)/Smad5

(Ser463/465)/Smad9 (Ser465/467)

Cell Signaling Technology Cat#13820; RRID:AB_2493181

Phospho-STAT3 (Tyr705) Abcam Cat#ab32143; RRID:AB_2286742

GPX4 Abcam Cat#ab125066; RRID:AB_10973901

GAPDH Thermo Pierce Cat#ab9485; RRID:AB_307275

Goat anti-Mouse IgG (H + L) Secondary antibody Thermo Pierce Cat#31210; RRID:AB_228334

Bacterial and virus strains

Salmonella Enteritidis: WT Isolated from contact surfaces

of meat processing equipment

(Wang et al.49)

NCM61

Salmonella Enteritidis: DsaaS Deleting saaS gene based on

WT (Wang et al.49)

NCM282

Salmonella Enteritidis: DsaaS/psaaS Completing saaS gene based

on DsaaS/psaaS (Wang et al.49)

N/A

Chemicals, peptides, and recombinant proteins

Luria-Bertani broth HopeBio HB0128

DMEM HyClone SH30022.01B

Hieff TransTM in vitro siRNA/miRNA

Transfection Reagent

Yeasen 40806ES02

Cell lysis buffer for Western and IP Beyotime P0013

PrimeScriptTM RT Master Mix Takara RR036

ChamQ Universal SYBR qPCR Master Mix Vazyme Q711

Critical commercial assays

FastPure Cell/Tissue Total RNA Isolation Kit Vazyme RC101

BCA protein assay kit Thermo Scientific 23225

Mouse Ferroportin1 (FPN1) ELISA Kit Ruidahenghui RD-RX28086

Total Superoxide Dismutase Assay Kit with WST-8 Beyotime S0101S

Experimental models: Cell lines

Human: HepG2 cells Cell Bank of the Chinese

Academy of Sciences

SCSP-510

Experimental models: Organisms/strains

Mouse: BALB/c Ziyuan Laboratory Animal

Technology Company

N/A

Oligonucleotides

Primers for strain construction, see Table S1 This paper N/A

Primers for RT-qPCR analysis and

sequences of siRNA duplexes, see Table S2

This paper N/A

Recombinant DNA

Plasmids for strain construction, See Table S1 This paper N/A

Software and algorithms

ImageJ National Institutes of Health, USA https://imagej.nih.gov/ij/

SAS SAS Institute Inc https://www.sas.com

Prism GraphPad https://www.graphpad.com/

scientificsoftware/prism/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Six to seven-week-old female BALB/c mice (Specified pathogen-free, SPF) were provided by Ziyuan Laboratory Animal Technology

Company (Wuhan, China). These mice were placed under SPF controlled environment (SYXK<Hubei>2018-0069; 12 h cycle of light,

23.0 ± 0.5�C of temperature and 60 ± 10% of humidity). All experiments involving animals were conducted according to the ethical

policies and procedures of the Ethical Committee of the Experimental Animal Center of Nanjing Agricultural University and the Ethical

Committee of Wuhan cloud-clone Technology company (Approval no. IACU21-0813).

Salmonella strains
S. Enteritidis strain (Reference genome GenBank: CP032851.1) used in this study was isolated from contact surfaces of meat pro-

cessing equipment.49 This original strain was set as WT. The generation of DsaaS and DsaaS/psaaS was briefly described as fol-

lows.20 For the saaS deletion mutant, the allelic exchange using the suicide plasmid was used. The upstream and downstream ho-

mologous recombination arms of the saaS gene from the WT genome and the kanamycin resistance (Knr) gene from the pKD4

plasmid were amplified using the primer pairs saaS-5F/5R, saaS-3F/3R, and Kn-F/R, respectively (Table S1). The three sequences

were bridged by fusion PCR to obtain the complete target fragment DsaaS::Kn (upstream homologous arm-Knr gene-downstream

homologous arm), and DsaaS::Kn was then cloned into the general vector pUC19 to obtain the intermediate plasmid pUC19-

DsaaS::Kn. Second, the target fragment DsaaS::Kn was subcloned into the suicide plasmid pCVD442 following confirmation by

sequencing with the above intermediate plasmid to obtain pCVD442-DsaaS::Kn. The donor strain b2155/pCVD442-DsaaS::Kn

was obtained by transferring pCVD442-DsaaS::Kn into Escherichia coli b2155. The donor strain and the recipient strainWTwere con-

jugated, and the Salmonella clones obtaining Knr were collected and named Sen/pCVD442-DsaaS::Kn. Ultimately, knockout mu-

tants (DsaaS) were produced by electroporating plasmid pCP20 into the competent cells of Sen/pCVD442-DsaaS::Kn and named

S. Enteritidis strain NCM282.

The saaS gene and the low-copy-number pRK415 expression vector were amplified for the complemented strain using primers

saaS-F/R and pRK415-F/R, respectively. Following gel purification andHindIII/EcoRI digestion, the digested saaS and pRK415 prod-

ucts were ligated for 2 h at 37�C to generate the constructed plasmid pRK415-saaS. pRK415-saaSwas subsequently transferred into

the mutant DsaaS strain and selected on tetracycline (Tc; 10 mg/mL) plates to yield the complemented strain (DsaaS/psaaS). Three

strains were cultured overnight in Luria-Bertani broth (LB; HopeBiotechnology, Beijing, China) at 37�C before use.

Cell culture and reagents
The HepG2 cells (human hepatoma cells) used in our study were obtained from the Cell Bank of the Chinese Academy of Sciences

(Shanghai, China). HJV siRNA, TMPRSS6 siRNA, HIF1A siRNA, HIF2A siRNA, and negative control (NC) siRNA were produced by

GenePharma company (Shanghai, China). These siRNAs were used to treat cells for the gene silencing, and the sequences were

shown in Table S2. The HepG2 cells have not been authenticated or tested for mycoplasma contamination. Nevertheless, this

cell line has consistently been passaged in our cell laboratory, and the corresponding research has been widely recognized,50,51

which could indirectly confirm the reliability of this cell line.

Salmonella infection model
Before infection, Salmonella strains WT, DsaaS and DsaaS/psaaSwere washed, resuspended, and diluted with 0.85%NaCl solution

to a concentration of 109 CFU/mL. After 4-h fast, mice were infected with 13108 colony-forming units (CFU) S. Enteritidis strains in

100 mL of PBS as treatment group or 100 mL PBS as control group by oral gavage. In the previous study,20 the significant differences

in both of the weight and food intake between the DsaaS strain-infected group and WT strain-infected group or DsaaS/psaaS strain-

infected groupwere first discovered at the 72-h post infection (hpi). Hence, we choose 72 hpi as the first key observation point. Mean-

while, the death of the mice was successively occurred from 144 hpi (6th day), suggesting that the physiology of mice was gradually

damaged. Hence, we choose 120 hpi as the final key observation point. At 72 and 120 hpi, the liver and blood of each mouse were

collected with sterile tools and stored in sterile tubes for the next experiments.

METHOD DETAILS

Biomarkers and iron parameters
Hemogram parameters, including RBC, HGB, HCT, MCV, MCH, MCHC, and RDW-CV, were determined with anticoagulation whole

blood using an auto-hematology analyzer (BC2800Vet; Mindray, Shenzhen, China). Liver function parameters, including serum AST,

ALT, and LDH levels, were determined as per the manufacturer’s instructions (Jiancheng, Nanjing, China). Hepatic IL-6 levels were

measured using an enzyme-linked immunosorbent assay (ELISA; Angle gene, Nanjing, China). Serum ferritin, UIBC, TIBC and hepat-

ic FPN1 levels were measured by ELISA (Ruidahenghui, Beijing, China). Serum iron content was measured using an iron assay kit

(Boxbio, Beijing, China). Serum Tf sat was calculated as the value of serum iron content/TIBC. Hepatic iron content was determined

using an iron assay kit (BioAssay Systems, CA, USA). The final content of hepatic FPN1 and iron levels was calculated by dividing

each content by the hepatic total protein content determined using a BCA protein assay kit (Thermo Scientific, MA, USA).
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Correlation analysis
Previous study has evaluated the bacterial burden in the liver of mice that infected by Salmonella.20 To construct the relationships

between bacterial burden and the above plasma and cellular iron status in this study, Spearman’s correlation coefficients were eval-

uated according to previously described method.52,53 Only significantly different indicators between groups were selected here. For

the comparison between two random indicators, the data from four groups in each indicator was utilized. Correlations with |Spear-

man’s rank correlation coefficient| > 0.5 and p < 0.05 were considered significant.

Quantitative real-time PCR (RT-qPCR)
Total RNA and cDNA of liver tissues and cells were obtained. qRT-PCR was carried out with a ChamQUniversal SYBR qPCRMaster

Mix (Vazyme, Nanjing, China) as per the manufacturer’s protocols. The specific primer sequences for the target gene were synthe-

sized by GenScript Biotech Corporation and shown in Table S2.

Western blotting
The proteins were extracted using a protein extraction buffer for western blotting and IP (Beyotime, Nantong, China), fractionated by

SDS-PAGE and transferred onto PVDF membranes (Millipore, MA, USA). After blocking, the membranes were incubated with anti-

body (The information was shown in Table S3) for overnight at 4�C. After incubation, membranes were probed with secondary anti-

body. Finally, target proteins were quantitated via ImageJ (Version 1.53c; NIH, MD, USA).

Histopathological examination
To assess hepatic iron accumulation, Perls’ Prussian Blue-DAB staining was carried out as described.18 Liver samples were fixed in

4% paraformaldehyde and processed using routine histological procedures. Paraffin sections were incubated in the Perls’ Prussian

blue working solution (Servicebio, Nanjing, China) at 60�C for 30 min and subsequently stained with nuclear fast red at room temper-

ature for 5 min. All representative photomicrographs were captured under a light microscope (BX51; Olympus, Tokyo, Japan).

Transient transfection assay
HepG2 cells were transfected with 15 nM siRNA using Hieff Trans in vitro siRNA/miRNA Transfection Reagent siRNA/miRNA (Yea-

sen, Shanghai, China), according to the manufacturer’s instructions. Silencing efficiency was shown in Figure S1. After 24-h trans-

fection, HepG2 cells were infected withWT,DsaaS orDsaaS/psaaS at aMOI of 10 for 6 h. Total RNA extraction, reverse transcription,

and RT-qPCR were performed as previously described.

Oxidative stress assay
Liver tissue lysates were obtained as described above, and SODwere detected using the Total Superoxide Dismutase Assay Kit with

WST-8 (Beyotime, Nantong, China). CAT, GSH, andMDA were detected using commercial kits (Jiancheng, Nanjing, China), accord-

ing to the manufacturer’s instructions. The detection wavelengths were set at 450 nm (SOD), 405 nm (CAT), 405 nm (GSH), and

532 nm (MDA). For SOD, CAT, and GSH, the absorbance value was used to calculate the content of these indices based on total

protein levels, while for MDA, the calculation was based on the hepatic weight.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with SAS software (Version 9.2; SAS Institute Inc., NC, USA) and GraphPad Prism (Version 5.0.3;

GraphPad Software Inc., CA, USA). Comparisons in this study were conducted between the two groups and analyzed using an in-

dependent Student’s t test. A p value of less than 0.05 was considered statistically significant. All results are expressed as mean ±

standard deviation (SD). Here, n represents the number of cell wells, while N denotes the number of mice, as indicated in the figure

legends. Further details regarding the original data and the materials and methods can be found in Datas S1–S7 and Supplemental

Material, respectively.
e3 iScience 28, 111660, February 21, 2025


	ISCI111660_proof_v28i2.pdf
	SaaS sRNA promotes the interfering effect of Salmonella on hepatic iron metabolism via modulating ferroportin 1
	Introduction
	Results
	sRNA SaaS interferes with host iron redistribution and liver injury
	SaaS disturbs systemic iron metabolism and induces iron-deficiency anemia
	SaaS disturbs systemic iron metabolism by suppressing FPN1-mediated iron export
	SaaS promotes the activation of the hepcidin-FPN1 axis through Hjv-mediated BMP/SMAD pathway
	SaaS contributes to the activation of the hepatic JAK/STAT3 pathway and promotes inflammatory response
	SaaS decreases hepatic FPN1 level by inhibiting Hif2a expression
	SaaS triggers oxidative stress but not ferroptosis in the liver

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Animals
	Salmonella strains
	Cell culture and reagents
	Salmonella infection model

	Method details
	Biomarkers and iron parameters
	Correlation analysis
	Quantitative real-time PCR (RT-qPCR)
	Western blotting
	Histopathological examination
	Transient transfection assay
	Oxidative stress assay

	Quantification and statistical analysis




