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[ABSTRACT] Aniba rosaeodora essential oil (RO) has been traditionally used in natural medicine as a substitute for antibiotics due to
its notable antidepressant and antibacterial properties. Salmonella, a prevalent pathogen in foodborne illnesses, presents a major chal-
lenge to current antibiotic treatments. However, the antibacterial efficacy and mechanisms of action of RO against Salmonella spp. re-
main underexplored. This study aims to elucidate the chemical composition of RO, evaluate its antibacterial activity and mechanisms
against Salmonella in vitro, and further delineate its anti-inflammatory mechanisms in vivo during Salmonella infection. Gas chromato-
graphy-mass spectrometry (GC-MS) was utilized to characterize the chemical constituents of RO. The antibacterial activity of RO was
assessed using minimal inhibitory concentration (MIC) and time-kill assays. Various biochemical assays were employed to uncover the
potential bactericidal mechanisms. Additionally, mouse and chick models of Salmonella infection were established to investigate the
prophylactic  effects  of  RO  treatment.  RO  exhibited  significant  antibacterial  activity  against  both  Gram-positive  and  Gram-negative
bacteria, with an MIC of 4 mg·mL−1 for Salmonella spp. RO treatment resulted in bacterial damage through the disruption of lipid and
purine metabolism. Moreover,  RO reduced injury and microbial  colonization in infected mice and chicks.  RO treatment  also modu-
lated the host inflammatory response by inhibiting proinflammatory pathways. In conclusion, our findings demonstrate that RO is ef-
fective against Salmonella infection, highlighting its potential as an alternative to antibiotics for antibacterial therapy.
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 Introduction

Species of the Salmonella genus are the leading cause of
human  fatalities  from  foodborne  diseases  globally,  posing  a
significant  public  health  challenge [1]. Salmonella  typhimuri-
um (S. Tm),  a serotype of Salmonella, shows extensive hori-

zontal and  vertical  transmission  across  various  animals,  in-
cluding rodents,  wild birds,  foxes,  and free-range egg-laying
chicks [2]. Given that  poultry  is  one of  the  most  widely  con-
sumed  meats  worldwide,  it  can  harbor  pathogens  such  as S.
pullorum (SP), which poses considerable risks to animal hus-
bandry  and  the  food  industry [3].  The  intensive  farming  of
poultry has led to the widespread misuse of antibiotics to pre-
vent and treat diseases, resulting in increased bacterial resist-
ance.  Research  by  Zhang  indicates  that  antibiotic  misuse  in
perinatal medicine ranges from 50% to 70% [4]. This unreas-
onable antibiotic abuse across industrial, residential, and agri-
cultural  sectors is  expanding the environmental  resistome [5].
The  limited  and  inappropriate  use  of  antibiotics  can  lead  to
increased Salmonella tolerance over time [6]. Therefore, there
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is an urgent need for alternative treatments for Salmonella in-
fections.

In the context of widespread antibiotic abuse, increasing
evidence suggests that natural products (NPs) can serve as ef-
fective  alternatives  in  animal  husbandry  and  aquaculture  for
infection  control [7].  Essential  oils,  a  category  of  NPs,  offer
various benefits, including enhanced immunity, antioxidation,
and  antibacterial  activity  through  multiple  mechanisms [8].
For  example,  thymol  oil  reduces  intracellular  ATP  levels  to
combat Cronobacter  sakazakii,  while  basil  oil  stimulates
reactive oxygen  species  (ROS)  to  achieve  antibacterial  ef-
fects [9, 10]. Due to their high safety and natural purity, essen-
tial  oils  are  increasingly  being  used  in  practical  applications
over  antibiotics.  Oregano  oil  has  been  shown  to  effectively
prevent  bacterial  infections  and  maintain  intestinal  health  in
broilers compared to sulfated colistin [11]. Similarly, rosemary
oil can  replace  avilamycin  to  improve  broiler  growth  per-
formance [12].  Thus,  essential  oils  derived  from  traditional
medicinal  plants  are  promising  natural  antibacterial  agents
that can replace antibiotics.

Aniba  rosaeodora (Rosewood), a  member  of  the  Laur-
aceae  family,  is  a  large  tree  reaching  up  to  25  meters  in
height.  It  is  recorded  in  the  World  Flora  Online  (WFO) and
Compendium of Materia Medica for its disinfection and anal-
gesic  effects.  Rosewood,  found  in  the  Amazon  region  and
southern  China,  exhibits  various  pharmacological  activities,
including stasis  removal,  pain  alleviation,  and  antiviral  ef-
fects [13]. Rosewood essential oil (RO) is one of the most valu-
able  NPs  derived  from  this  tree.  As  a  volatile  oil,  RO  is
widely  used  for  traditional  medical  purposes  due  to  its  anti-
anxiety, sedative, and anticonvulsant effects [14, 15]. In various
epilepsy  models,  RO  has  been  shown  to  suppress  seizures
through  the  inhibition  of  cAMP [16].  However,  few  studies
have explored the  antibacterial  properties  of  RO,  aside  from
its calming effects. This study aims to discover new tradition-
al natural agents against bacterial infections and elucidate the
antibacterial mechanisms of RO. We investigate the potential
antibacterial  efficacy of  RO against Salmonella,  focusing on
bacterial targeting and the impact of RO on the inflammatory
response  based  on  host  targeting.  Our  results  pave  the  way
for developing essential oils as alternatives to antibiotics and
antibacterial agents in clinical settings.

 Materials and Methods

 Bacterial strains, reagents, and materials
The bacterial strains used in this study included Salmon-

ella strains  (SL1344,  SP0114,  ATCC14028,  HYM2,  GP-9,
and CVCC1789), Escherichia coli strains (ATCC25922, 487,
ZJ02,  and  K88), Acinetobacter  baumannii ATCC17978  and
Klebsiella pneumoniae Rosetta were stored in our laboratory.
These strains were stored in our laboratory at ‒80 °C in 40%
glycerol.  Prior  to  experiments,  all  strains  were  revived  in
Luria–Bertani  (LB)  broth  (Qingdao  Hope  Biol-Technology,
Co.,  Ltd.)  and cultured at  37 °C with shaking at  200 r·min−1

for 16 h.

RO was procured from Ji'an Zhongxiang Natural Veget-
able  Essential  Oil  Co.,  Ltd.  (Jilin,  China),  and  was  diluted
with  dimethyl  sulfoxide  (DMSO,  Sigma)  and  stored  at  4  °C
until use.
 GC-MS/MS analysis of RO ingredients

The  chemical  composition  of  RO was  analyzed  using  a
Trace  DSQ  II  GC-MS  system  (Thermo  Fisher  Scientific,
USA).  The  analytes  were  separated  on  a  DB-5  ms  silica-
based capillary column (30 m × 0.25 mm, 0.25 μm film thick-
ness).  Helium was used as  the carrier  gas at  a  constant  flow
rate of 1.2 mL·min−1. A 1 μL sample was injected in splitless
mode.  The  electron  ionization  (EI)  energy  was  set  to  70  eV
for optimal ionization. The ion source temperature was main-
tained  at  220 °C,  and  the  interface  temperature  was  set  at
280 °C.  The  mass  spectrometer  scanned  a  range  from  60  to
600  atomic  mass  units  (amu)  to  identify  the  components
present in the RO.
 Minimal inhibitory  concentration  (MIC),  minimum   bacter-
icidal  concentration  (MBC),  and  bacteriostatic  zone  (DIZ)
assays

The MIC, MBC, and DIZ assays were conducted as pre-
viously described [17]. To determine the MIC, diluted RO was
added to sterile LB broth to achieve final concentrations ran-
ging  from  8  mg·mL−1 to  8  μg·mL−1.  An  overnight  bacterial
culture was then introduced into the LB broth containing RO
to reach a final concentration of 5 × 105 colony-forming units
(CFU)/mL, and the MIC was defined as the lowest concentra-
tion that inhibited visible bacterial growth after 16 h. For the
MBC  determination,  2  μL  samples  from  each  well  without
visible growth in the MIC test were plated on LB agar (Agar,
Sigma),  and  was  established  as  the  lowest  concentration  at
which no bacterial colonies were observed. In the DIZ assay,
20  μL  of  RO  was  added  to  wells  in  agar  plates  inoculated
with bacteria. And the diameter of the inhibition zones (DIZ)
was measured.
 Bacterial growth analysis and time-kill assay

Salmonella typhimurium SL1344 and Salmonella pullor-
um SP0114 were cultured in LB broth with varying concen-
trations of RO (0, ½ MIC, MIC, and 2 × MIC) at 37 °C with
shaking  at  200  r·min−1.  The  bacterial  growth  was  monitored
by measuring the optical density at 600 nm at intervals of 0,
2, 4,  6,  8,  and 10 h.  Additionally,  a  time-kill  assay was per-
formed  by  co-culturing Salmonella (5  ×  105 CFU/mL)  with
the same RO concentrations at 37 °C. Bacterial samples from
each  condition  were  plated  on  LB  agar,  and  the  number  of
colonies was counted.
 Detection of RO-induced bacterial injury

The  extent  of  bacterial  injury  induced  by  RO  at  above
concentrations  was  assessed  using  the  Live/Dead  BacLight
Bacterial  Viability  Kit  (Invitrogen).  Stained  bacterial  cells
were  observed  under  an  inverted  fluorescence  microscope
(Olympus, Tokyo).
 Analysis of bacterial membrane homeostasis

SP0114 and SL1344 were treated with RO at concentra-
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tions  of  0,  ½ MIC,  and MIC in  LB culture  medium for  4  h.
After treatment, the bacteria were collected, fixed with a sta-
tionary solution  (Servicebio,  China),  freeze-dried,  and  ob-
served using scanning electron microscopy (SEM). The leak-
age  of  nucleic  acids  and  proteins  from  RO-treated  Salmon-
ella was measured at intervals of 0, 1, 3, 5, 7, and 9 h [18]. Ab-
sorbance  was  recorded  at  OD260 nm for  nucleic  acids  and
OD280 nm for proteins, as previously described.

Fluorescence intensity  measurements  of  nonprotein  ni-
trogen  (NPN)  and  propidium  iodide  (PI)  in  SP0114  and
SL1344 treated with 0, ½ MIC, MIC, and 2 × MIC RO were
performed at  0,  4,  8,  and  12  h,  based  on  established  metho-
ds [19]. Additionally, DAPI/PI staining of SL1344 treated with
0, ½ MIC, MIC, and 2 × MIC RO was conducted to qualitat-
ively assess  membrane  integrity,  following  the  protocol  de-
scribed in previous research [20].
 Assessment of bacterial intracellular metabolic homeostasis

Salmonella typhimurium SL1344 was treated with RO at
above  four  concentrations  for  the  quantitative  detection  of
ROS  and  adenosine  triphosphate  (ATP)  levels.  Post-treat-
ment, the bacteria were resuspended in PBS, and ROS levels
were  measured  using  a  fluorescence  assay  kit  (S0033S,
Beyotime,  China)  with  a  fluorescent  enzyme  marker.  ATP
levels were quantified at 4, 8, and 12 h post-treatment using a
mitochondrial-specific fluorescent  dye  (Sigma,  China)  ac-
cording to established protocols [21]. Additionally, ROS fluor-
escence images  were  captured  qualitatively  following  previ-
ously described methods [22].
 Metabolomics analysis

Salmonella  typhimurium SL1344  in  the  logarithmic
growth  phase  was  treated  with  RO  at  0  (control)  and  MIC
concentrations for 2 h at  37 °C. The samples were then rap-
idly frozen in liquid nitrogen and stored at −80 °C. Metabol-
ite  detection  was  performed  using  UHPLC-MS/MS  analysis
on  a  Vanquish  UHPLC  system  (Thermo  Fisher,  Germany)
coupled with an Orbitrap Q Exactive™ HF mass spectromet-
er (Thermo Fisher, Germany) at Novogene Co., Ltd. (Beijing,
China).  Metabolites  and  pathway  enrichment  analyses  were
conducted  using  the  KEGG  (Kyoto  Encyclopedia  of  Genes
and Genomes) database.

The detection of hydrogen peroxide (H2O2)  treated with
or without RO was carried out using the Hydrogen Peroxide
Assay Kit  (S0038,  Beyotime,  China)  and the  Hydroxyl  Free
Radical Assay Kit (A018-1-1, Nanjing Jiancheng, China), re-
spectively.
 Animal experiments

The animal experiments conducted in this study were ap-
proved by the Institutional Animal Care and Use Committee
of Jilin University (permit number SY202306059).

To  establish Salmonella infection  models,  female
BALB/c mice (aged 6 to 8 weeks) were obtained from Liaon-
ing  Changsheng  Biotechnology  Co.,  Ltd.  (Liaoning,  Chi-
na). Each mouse was gavaged with either 1 × 107 CFU (sub-
lethal  dose)  or  5  ×  107 CFU (lethal  dose)  of Salmonella [23].
For  the  chick  model,  1-day-old  male  Hyline-brown  healthy

chicks  (Jilin  Academy of  Agricultural  Sciences,  Changchun,
China)  were  gavaged  with  either  1  ×  1010 CFU  (sublethal
dose) or 1 × 1011 CFU (lethal dose) of Salmonella. Both mice
and chicks were pre-treated with RO 2 hours before the Sal-
monella challenge.  The  RO  was  administered  at  dosages  of
40 mg·kg−1 (low dose, n = 5), 80 mg·kg−1 (medium dose, n =
5),  and  160  mg·kg−1 (high  dose, n =  5).  Subsequently,  RO
was administered via gavage every 24 h for 5 d in mice and 4
d in chicks. The healthy control group and the untreated con-
trol  group  (infected  animals  without  RO treatment)  received
the  solvent  vehicle  (carboxymethylcellulose,  CMC-Na)  on
the  same  schedule.  The  mice  and  chicks  were  euthanized  5
and 4 d post-infection, respectively. Tissue samples from the
liver,  spleen,  cecum,  and  colon  were  collected  and  plated
onto  Xylose  Lysine  Deoxycholate  (XLD)  agar  (Qingdao
Hope Biol-Technology Co.,  Ltd.),  followed by incubation at
37 °C.  Additionally,  portions  of  the  target  organs  from each
group  were  fixed  in  a  4% formaldehyde  solution  (Sigma).
After  dehydration,  embedding,  and  sectioning,  hematoxylin-
eosin staining was performed to observe the histopathology.
 Enzyme-linked immunosorbent (ELISA) assay

The levels of cytokines, including tumor necrosis factor-
α (TNF-α), interleukin 6 (IL-6), interleukin 1β (IL-1β), inter-
leukin 10 (IL-10), and interferon-γ (IFN-γ), in tissue samples
were  measured  by  enzyme-linked  immunosorbent  assay  kits
(eBioscience, USA).
 Real-time fluorescence quantitative PCR (qRT-PCR) analysis

To investigate the effect  of RO on inflammatory signal-
ing pathways in vivo, total RNA was extracted from the liver
tissues of mice and chicks. Primer sequences for target genes
were designed using SnapGene software (PREMIER Biosoft
International,  USA)  (see  Supplement  Table  1).  The  relative
expression  levels  of  target  genes  were  quantified  by  the  M5
HiPer  SYBR  Premix  EsTaq  kit  (Mei5  Biotechnology,  Co.,
Ltd.)  and calculated  using  the  2−△△Ct method,  normalized  to
the reference gene GAPDH.
 Protein extraction and Western blotting analysis

Protein extraction samples were performed on 50 mg liv-
er tissue  in  each  group for  following  analysis.  For  WB ana-
lysis,  20  μg  of  total  protein  per  sample  was  separated  and
then transferred to a PVDF membrane. The membranes were
blocked, followed by incubation with primary antibodies overnight
(Supplement  Table  2).  The  membranes  were  washed  with
Tris-buffered saline  with  Tween-20  (TBST)  and  then  incub-
ated with an anti-rabbit secondary antibody (1∶3000). After
additional washes  with  TBST,  the  membranes  were  de-
veloped  by  enhanced  chemiluminescence  (ECL)  reagent
(Kangwei  Reagent  Co.,  Ltd.,  Beijing,  China).  All  antibodies
were obtained from Biotec, Beijing, China. β-Actin was used
as the internal reference protein. The greyscale values of the
bands were analyzed using Image J software (National Insti-
tutes of Health, Bethesda, MD).
 Statistical analysis

Data were collected from at least three independent bio-
logical replicates  and  analyzed  using  GraphPad  Prism  soft-
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ware. Statistical significance was determined using t-tests and
ANOVA.  Data  are  presented  as  mean  ±  SD,  with P-values
below 0.05  or  0.01  considered  statistically  significant.  (*P <
0.05; **P < 0.01).

 Results

 GC-MS/MS analysis of the chemical constituents of RO
The chemical composition of RO was analyzed using GC-

MS. The analysis identified a total of 18 components, which
together accounted for 98.4% of the total composition of RO
(see  Supplement  Table  3  and  Supplement  Fig.  1).  The
primary  constituent  was  linalool,  making  up  59.60% of  the
oil.  Other  significant  components  included  ethyl  propionate
(31.23%),  eucalyptol  (2.42%),  and  dextrose  camphor
(2.09%). These findings indicate that linalool, ethyl propion-
ate, eucalyptol, and dextrose camphor are the major constitu-
ents of RO, collectively constituting 95.34% of the oil’s com-
position.
 RO effectively restrained the proliferation of Salmonella

The  antibacterial  activity  of  RO against Salmonella and
other bacteria  was evaluated.  As detailed in Supplement  Ta-
ble  4,  the  diameters  of  inhibition zones  (DIZs)  for  all  tested
microorganisms were not less than 13.5 mm, indicating mod-
erate  sensitivity  to  8  mg of  RO per  well.  Notably,  the  DIZs
for SL1344 and SP0114 were 14.0 ± 0.6 mm and 19.7 ± 0.5
mm, respectively, classifying these strains as sensitive to RO.
The antibacterial efficacy of RO was further quantified using
MIC and  MBC assays.  RO exhibited  effective  bacteriostatic
and  bactericidal  activities  against  all  tested  bacteria.  The
MICs  and  MBCs  for  all Enterobacteriaceae strains  ranged
from  2.0  to  8.0  mg·mL−1.  For Staphylococcus  aureus,  the
MIC and MBC were 4.0 and 8.0 mg·mL−1,  respectively. For
both SL1344 and SP0114, RO displayed bactericidal effects,
with MBC/MIC ratios not exceeding 4 (Supplement Table 4).

To investigate the effect of RO on the growth of SL1344
and  SP0114,  bacterial  cultures  were  monitored  over  a  10-
hour period. Figs. 1A and 1B show that untreated Salmonella
exhibited typical  growth patterns,  while RO treatment inhib-
ited  bacterial  growth  in  a  concentration-dependent  manner.
No  bacterial  growth  was  observed  in  samples  treated  with
MIC  and  2  × MIC  concentrations  of  RO.  The  bactericidal
kinetics  of  RO  were  assessed  using  a  time-kill  assay  (Figs.
1C and 1D),  plotting  the  logarithmic  values  of  CFU·mL−1.
MIC-level  RO  treatment  significantly  reduced  SL1344  and
SP0114  counts  within  the  first  3  h.  For  both  strains  treated
with  2 × MIC RO,  bacterial  counts  decreased  from 1  ×  106.5

CFU·mL−1 to  0  within  1  h.  Furthermore,  live-dead  bacterial
staining  was  conducted  to  observe  the  impact  of  RO  on
SL1344  (Fig.  1E). Untreated  SL1344  showed  green  fluores-
cence, indicating live cells,  while RO-treated bacteria exhib-
ited  varying  degrees  of  red  fluorescence,  indicating  cell
death, in a dose-dependent manner. In summary, our findings
demonstrate  that  RO  is  a  potent  bactericidal  agent  against
Salmonella,  with  significant  inhibitory  effects  on  bacterial
growth and viability.

 RO disturbed the cell membrane homeostasis of Salmonella
To  elucidate  the  mechanism  by  which  RO  acts  against

Salmonella,  we  examined  bacterial  morphology  under  SEM
following RO treatment. As shown in Fig. 2A, untreated Sal-
monella exhibited  a  short  rod-shaped  structure  with  intact
morphology and a  smooth surface.  In contrast,  both SL1344
and SP0114 treated with RO displayed significant morpholo-
gical  changes,  including  cell  structure  disruption,  indicating
that RO treatment disturbs the membrane homeostasis of Sal-
monella.  We  further  investigated  membrane  damage  by
measuring the  leakage  of  nucleic  acids  and  proteins.  As  ex-
pected, RO treatment caused a sharp increase in protein (Fig.
2B) and nucleic acid (Fig. 2C) leakage within 1 h, which then
fluctuated within a certain range. A dose-dependent pattern of
RO-mediated leakage  of  nucleic  acids  and  proteins  was  ob-
served from the 1st to  the  24th h.  (Figs.  2B and Fig.  2C).  To
further  examine  the  disruption  of Salmonella homeostasis,
DAPI/PI staining assays were performed (Fig. 2D). RO treat-
ment  resulted  in  an  increase  in  red  fluorescence,  indicating
decreased bacterial  membrane  integrity  and  increased  per-
meability, with a clear concentration dependence. We also as-
sessed  the  luminescence  intensity  of  NPN,  a  reagent  that
fluoresces  upon  binding  to  hydrophobic  sites  on  the  cell
membrane, and PI at 0, 4, and 8 h. The fluorescence intensity
of both NPN and PI increased with RO treatment in a concen-
tration- and time-dependent manner (Figs. 2E and 2F). These
results indicated that  RO treatment  enhances  bacterial  mem-
brane permeability,  promoting  substance  entry  and  the  leak-
age  of  nucleic  acids  and  proteins.  In  summary,  our  findings
suggest  that  RO  significantly  disrupts  the  cell  membrane
homeostasis  of Salmonella, increasing membrane permeabil-
ity and causing leakage of essential cellular components.
 RO induced  the  disarray  of  intracellular  metabolic   homeo-
stasis

Given  the  disruption  of  membrane  homeostasis  in Sal-
monella by RO, we further investigated its impact on intracel-
lular metabolic processes. As depicted in Fig. 3A, intracellu-
lar  ATP  levels  were  significantly  depleted  following  RO
treatment,  although  this  depletion  did  not  show  a  time-de-
pendent pattern. The expression of ATP-related genes (atpH,
atpG, atpC, msbA, and mdlB) was significantly elevated, with
at  least  a  twofold  increase  compared  to  untreated  samples.
The addition of RO increased the expression by at least two-
fold compared with that of the samples without RO (Fig. 3B).
The activation of  atpC,  in  particular,  suggests  a  self-protect-
ive  mechanism  in  response  to  RO-induced  stress.  ROS-re-
lated  fluorescence  imaging  revealed  that  the  RO-treated
group  exhibited  a  markedly  higher  fluorescence  intensity
compared  to  the  untreated  wild-type  (WT)  group  under  the
same exposure conditions (Fig. 3C). This increase in fluores-
cence was quantitatively confirmed using a microplate reader,
showing  a  concentration-dependent  rise  in  ROS  levels  with
RO treatment  (Fig.  3D).  Further  analysis  of  ROS-associated
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genes  (uspA, uspB,  and uspC)  and  outer  membrane  protein
(omp) family genes (ompA, ompB, ompC, ompR,  and ompF)
in Salmonella showed significant upregulation of all ROS-as-
sociated genes following RO treatment (Fig. 3E). Among the
omp genes, ompA, ompB and ompC were upregulated, while
ompR and ompF were downregulated in response to RO (Fig.
3F). In conclusion, our findings suggest that RO disrupts in-
tracellular metabolic homeostasis in Salmonella by depleting
ATP levels and inducing ROS overproduction, thereby exert-
ing potent anti-Salmonella activity.

 RO interfered with the lipid metabolism and purine metabol-
ism of Salmonella

Building on the previous findings, metabolomics analys-
is was  employed  to  further  elucidate  the  antibacterial  mech-
anism  of  RO  on Salmonella.  Principal  component  analysis
(PCA)  revealed  a  significant  difference  in  metabolites
between  SL1344  treated  with  MIC-level  RO  and  untreated
controls (Fig. 4A). Volcano plot and cluster analyses showed
that, compared to untreated SL1344, RO-treated SL1344 ex-
hibited  a  significant  upregulation  of  174  metabolites  and  a
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Fig. 1    RO effectively restrained Salmonella proliferation in vitro. Absorbance was monitored at 600 nm at 0, 1, 2, 3, 4, 5, 6, 7, 8,
9, 12, and 24 h of S. typhimurium SL1344 (A) and S. pullorum SP0114 (B) treated with RO at concentrations of 0, ½ MIC, MIC,
and 2 × MIC. Time-kill assay of SL1344 (C) and SP0114 (D) with above RO at 0, 1, 3, 5, 7, 9, 12, and 24 h. (E) Images represent-
ing the states of SL1344 with the indicated concentrations of RO are shown at 600 × magnification. The left row and middle row
indicate live bacteria with green fluorescence and dead bacteria with red fluorescence, respectively.
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downregulation of 34 metabolites (Figs. 4B and 4E). Follow-
ing RO treatment, there was a marked increase in lipid meta-
bolites  (Fig.  4C).  Additionally,  KEGG  enrichment  analysis
identified two  significantly  impacted  pathways:  lipid  meta-
bolism  (P =  0.01)  and  purine  metabolism  (P =  0.006)  (Fig.
4D).  In  the  RO-treated  SL1344  group,  metabolites  such  as
prostaglandin, arachidonate,  and  thromboxane  B2  were  en-
riched  in  the  lipid  metabolism  pathway  (Supplement  Figs.
2A−2E).  Meanwhile,  metabolites,  including  inosinic  acid,
dADP,  AMP,  GMP,  and  ADP-ribose  were  enriched  in  the
purine metabolism pathway (Supplement Figs. 2F−2O). Fur-
thermore, the  expression  of  purine  metabolism-related  up-
stream  genes  (purF, purD, purK, purE, purH) was  signific-
antly activated in the RO-treated SL1344 group (Supplement
Figs. 3A−3E). Additionally, an increase in H2O2 levels and a
decrease  in  hydroxyl  free  radical  scavenging  activity  were

observed  in Salmonella treated  with  RO  (Supplement  Figs.
3F−3G).  This  oxidative stress  is  likely a  consequence of  the
activation  of  lipid  metabolism,  as  indicated  by  the  KEGG
pathway analysis.
 RO  provided  systemic  protection  against  Salmonella  infec-
tion in vivo

To evaluate the therapeutic  effect  of  RO in  vivo, we in-
vestigated its ability to protect mice and chicks infected with
Salmonella typhimurium SL1344  and Salmonella  pullorum
SP0114,  respectively.  The  establishment  of  these  infection
models is illustrated in Fig. 5A and Supplement Fig. 4A. Fol-
lowing  RO  treatment,  the  liver  index  in  infected  mice  and
chicks  was  significantly  reduced,  while  the  indices  of  the
cecum  and  colon  increased  (Fig.  5B and  Supplement Fig.
4B).  Untreated  mice  and  chicks  exhibited  severe  damage  to
multiple organs,  whereas  RO-treated  animals  showed allevi-
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Fig. 2    RO damaged the cell membrane homeostasis of Salmonella. (A) SEM for the observation of SL1344 and SP0114 treated
with RO. (B) Protein leakage analysis by monitoring the absorbance at 280 nm of SL1344 (left) and SP0114 (right) treated with 0,
½ MIC, MIC, and 2 × MIC RO at 0, 1, 3, 5, 7, 9, 12, and 24 h. (C) Nucleic acid leakage of SL1344 (left) and SP0114 (right) with
the  above  treatments  by  monitoring  the  absorbance  at  260  nm  at  the  indicated  time  points.  (D)  DAPI/PI  staining  for  SL1344
treated with RO. All bacteria were stained with DAPI (blue fluorescence) and PI (red fluorescence). (E) The fluorescence intens-
ity of NPN was read at 0, 4, and 8 h in SL1344 (left) and SP0114 (right) with above treatments. (F) The fluorescence intensity of
PI was read at 0, 4, and 8 h in SL1344 (left) and SP0114 (right) treated with above treaments.
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ated pathological  damage  both  macroscopically  and  micro-
scopically  (Figs.  5C and 5D,  Supplement  Figs.  4C and 4D).
The high dose  of  RO provided the  most  effective  protection
among the doses tested (Figs. 5C and 5D). RO treatment also
reversed the decreases in daily weight, diet, and water intake
caused by Salmonella infection in mice and chicks (Figs. 5E
and 5G  and  Supplement  Figs.  4E  and  4G).  Although  low
doses of RO did not significantly affect  the bacterial  load in
the  target  organs  of  infected  models,  middle  and  high  doses
of  RO  significantly  reduced  the  bacterial  load  (Fig.  5H and
Supplement Fig. 4H). Notably, the number of bacterial colon-
ies in the liver and colon of the high-dose group was reduced
by  almost  100-fold.  The  anti-colonization  effect  in  organs
was  dependent  on  the  RO  dose  (Fig.  5H).  In  summary,  our
results demonstrate that RO provides effective, dose-depend-
ent  protection  against Salmonella infection  in  mice  and
chicks.
 RO reduced Salmonella-mediated inflammation by inhibiting
the MAPK/NF-κB pathway

To  investigate  the  anti-inflammatory  effects  of  RO  in
Salmonella-infected hosts, we measured inflammatory mark-
ers  in  target  organs.  In  the  control  group,  proinflammatory

factors such as TNF-α (Fig. 6A), IL-1β (Fig. 6B), IL-6 (Fig.
6C), and IFN-γ (Fig. 6D and Supplement Fig. 5D) were signi-
ficantly elevated due to Salmonella infection, while the anti-
inflammatory factor IL-10 (Fig. 6E) was notably reduced. RO
treatment effectively decreased the levels of these proinflam-
matory factors (Figs. 6A−6D) and increased the IL-10 levels
(Fig.  6E).  Further  analysis  of  liver  tissue  revealed  elevated
expression levels  of  genes  associated  with  the  MAPK  path-
way (JNK, ERK, p38)  and RPS3/NF-κB pathway in SL1344
or SP0114-infected mice or chicks (Figs. 6F−6G and Supple-
ment Figs. 5B−5E). Additionally, the phosphorylated protein
expression of the MAPK and NF-κB pathways was increased
in infected liver tissue but decreased following RO treatment
(Figs.  6I−6M).  This  indicates  that  RO inhibits  the activation
of these  inflammatory  pathways.  The  expression  of  proin-
flammatory  genes  in  RO-treated  mice  was  also  significantly
reduced,  demonstrating  RO’s  anti-inflammatory  effect
against Salmonella infection in  vivo (Figs.  6F and 6G).  In  a
lethal  infection  model,  RO  significantly  increased  both  the
survival  rates  and  mid-term  survival  of  infected  mice  and
chicks, consistent with the previous results (Fig. 6H and Sup-
plement Fig.  5F).  Overall,  our  findings  suggest  that  RO ad-

 

SL1344
1/2 MIC
1 MIC
2 MIC

at
pH

at
pG

at
pC

m
sb
A
m
dl
B

0

0.4

0.8

1.2

1.6

m
R

N
A

 e
x
p
re

ss
io

n
 l

ev
el

SL1344
SL1344 + RO

*

***

**

**

ns

SL13
44

1/
2 

M
IC

1 
M

IC

2 
M

IC
0

20 000

40 000

60 000

F
lo

u
re

sc
en

ce
 i

n
te

n
si

ty
 o

f 
R

O
S

**

0 4 8 12
5000

10 000

15 000

20 000

25 000

t/h

M
ea

n
 f

lo
u
re

sc
en

ce

in
te

n
si

ty
 (

A
U

) **
**

**

uspA uspB uspC
0
1
2
3
4
5

15

20

m
R

N
A

 e
x
p
re

ss
io

n
 l

ev
el

SL1344
SL1344 + RO

**

*

SL1344 ½ MIC 1 MIC 2 MIC

SL1344 + RO

om
pA

om
pB

om
pC

om
pR

om
pF

0

0.5

1.0

1.5
4

7

10

m
R

N
A

 e
x
p
re

ss
io

n
 l

ev
el

SL1344
SL1344 + RO**

**

*
*

50 μm 50 μm 50 μm 50 μm10 μm 10 μm 10 μm10 μm

A B

C

D E F

 
Fig. 3    The disruption of intracellular metabolic homeostasis of Salmonella by RO. (A) ATP levels in Salmonella at 0, 4, 8 and 12
h with the indicated concentrations of RO. (B) The transcription of ATP-related genes in Salmonella with or without MIC RO
treatment by qRT-PCR analysis. (C) Fluorescence observation of intracellular ROS production in Salmonella in the presence of
0, ½ MIC, MIC, and 2 × MIC RO. The images are shown at 600 × magnification. (D) The fluorescence intensity of ROS in Sal-
monella was  quantitatively  evaluated  under  a  microplate  reader.  qRT-PCR  analysis  for  determination  of  the  transcription  of
ROS-related genes (E) and Omp-related genes (F) in Salmonella with or without MIC RO treatment. Data are presented as the
mean ± SD (n = 3), and gyrB was used as the internal reference for the qRT-PCR analysis in Panels B, E, and F. Statistically sig-
nificant differences are shown between the samples treated with or without RO. *P < 0.05; **P < 0.01.
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ministration  to Salmonella-infected  mice  and  chicks  reduces
the  host  inflammatory  response  and  enhances  survival  rates
by inhibiting the MAPK/NF-κB pathway.

 Discussion

Foodborne  diseases  and  severe  environmental  pollution
caused  by Salmonella continue to  pose  urgent  global  chal-
lenges [24]. The development of new antibiotics targeting Sal-
monella has stagnated, and antibiotic resistance in pathogen-
ic  bacteria  is  becoming  increasingly problematic [25, 26].  This
study  aimed  to  explore  NPs  as  alternative  antimicrobial
agents for the prevention and treatment of Salmonella infec-
tions.  RO,  derived  from  the  traditional  medicine Aniba  ros-
aeodora,  was found to be rich in linalool and identified as a
promising  antibacterial  agent  against  various Enterobacteri-
aceae and Staphylococcus  aureus.  RO  treatment  provided
systemic protection against Salmonella infection in both mice
and chicks.

Beyond targeting bacterial virulence factors [27], RO dis-
rupted cell membranes, leading to the leakage of intracellular
substances in Salmonella. The germicidal curve and live/dead

bacteria  staining  indicated  that  RO  had  an  initial  inhibitory
effect on Salmonella at a 1 × MIC concentration and a bacter-
icidal effect at a 2 × MIC concentration (Fig. 1). SEM obser-
vations revealed increased morphological  damage to the cell
membranes  of Salmonella treated  with  RO (Fig.  2A). Addi-
tionally,  the  fluorescence  intensity  of  NPN  and  PI  in  RO-
treated Salmonella increased  in  a  dose-dependent  manner
(Figs. 2E−2F), and significant leakage of proteins and nucle-
ic acids was detected (Figs. 2C−2D). These findings suggest
that  RO  damages  bacterial  membranes,  causing  the  leakage
of intracellular substances.

The  Omp  family,  a  key  component  of Salmonella’s
membrane channels, is crucial for maintaining membrane in-
tegrity and selective permeability [28]. OmpA, ompB,  and om-
pC are notable  transmembrane  proteins  essential  for  pre-
serving membrane integrity and cell morphology [29, 30]. Con-
versely,  overexpression  of OmpR can  reduce  pore  proteins
and decrease sensitivity to certain drugs [31]. Our study found
that  the  expression  of ompA, ompB,  and ompC increased  in
Salmonella treated with RO (Fig. 3F), likely due to an activ-
ated  defense  mechanism  in  response  to  RO.  The  decreased
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expression of ompR and ompF suggests  that  RO inhibits  the
overexpression of ompR, preventing a reduction in pore pro-
teins and facilitating RO entry through membrane pores, thus
causing  bacterial  damage.  This  indicates  that  bacteria  may
upregulate  certain omp genes  to  maintain  survival  when
membrane functions are compromised by RO [32].

ATP and  ROS  are  indispensable  for  bacterial  metabol-
ism and survival [33, 34].  Our research observed a depletion of
ATP and excessive production of ROS in Salmonella treated
with  RO  (Fig.  3A and 3D).  The  expression  of  ATP-related
genes atpH, atpG, msbA, and mdlB was significantly reduced
in  RO-treated Salmonella (Fig.  3B), suggesting  that  RO  re-
stricts substrate  transport  mediated  by  cell  membrane  trans-
port proteins via ATP depletion. This also inhibits the overex-
pression  of  efflux  pumps,  which  can  lead  to  drug  resist-
ance [35]. ATP depletion is closely associated with membrane
damage [36]. Additionally, RO increased the expression of uni-
versal  stress  protein  (USP) [37]-related genes  and led to  ROS
overproduction in Salmonella (Fig. 3E). These findings indic-

ate  that  RO  disrupts  cell  membrane  transporter-related  gene
expression,  leading to  cell  death  through ATP depletion and
ROS overproduction.

Arachidonic  acid  (AA) is  an  unsaturated fatty  acid  with
various  biological  activities.  Research  by  ZHANG  suggests
that AA  is  produced  by  bacteria  under  low-oxygen  condi-
tions [38].  Consistent  with  this,  we  observed  increased  levels
of H2O2 and decreased scavenging activity of hydroxyl radic-
als  (·OH)  in  Salmonella treated  with  RO,  likely  due  to  AA
activation as indicated by KEGG analysis (Supplement Figs.
2F−2G).  We  hypothesize  that  the  metabolic  enrichment  of
AA  in  RO-treated  bacteria  impairs  their  ability  to  scavenge
free  radicals,  leading to  ROS accumulation (Fig.  4D). Addi-
tionally, RO  disrupted  purine  metabolism  homeostasis,  in-
creasing the transcription of purine metabolism-related genes
in Salmonella (Supplement  Figs.  2A−2E).  This  imbalance
can lead to an accumulation of metabolic products and signi-
ficant  ATP  depletion [39].  Consequently,  RO  interferes  with
bacterial metabolic  homeostasis,  compromising  their  surviv-
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Fig. 5    RO treatment conferred systemic protection against SL1344 infection in mice. (A) Infection schematic for the SL1344-in-
fected models in BALB/c female mice. Each mouse was inoculated with 1 × 107 CFUs of SL1344 and treated with 0 (SL1344), 40
(Ld), 80 (Md) or 160 (Hd) mg·kg−1·d−1 RO or vehicle (0.5% CMC) for 5 d. (B) Organ index of the livers and spleens in the infec-
ted mice. (C) Gross observation of the livers, spleens, caecums, and colons from the infected mice. (D) HE staining analysis of tar-
get organs. Images are shown at 20 × magnification. Average dietary intake (E), water intake (F), and weight (G) of the infected
mice for 5 d. (H) Inhibition of bacterial burden in target organs from the infected mice with RO treatment (n = 5). Statistically
significant differences are shown between the samples. *P < 0.05; **P < 0.01.
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al by disrupting essential biosynthetic processes.
Host-directed  therapy  (HDT)  is  an  alternative  approach

to  treating  bacterial  infections [40]. Previous  research  demon-
strated that essential oil from Lippia species inhibited the yel-
low fever virus in Vero cells [41]. Moreover, in vivo studies by
Andrea  Bonetti et  al. showed  that  thyme  essential  oil  main-
tained  epithelial  integrity,  thereby  reducing E.  coli infecti-
on [42].  Our study demonstrated that  RO effectively inhibited
Salmonella-mediated  MAPK/NF-κB activation  and  inflam-
matory  responses  in  both  mice  and  chicks  (Figs.  6A−6I  and
supplement  Fig.  5).  Based  on  its  protective  effects  and  anti-
Salmonella activity, we confirmed that RO provides system-

ic protection in experimental mice and target animal chicks.

 Conclusion

In summary, our study elucidated the antibacterial mech-
anisms of RO and successfully established Salmonella infec-
tion models in chicks and mice to assess the anti-inflammat-
ory effects of RO in vivo.  Our findings demonstrate that RO
disrupts bacterial membrane structures, thereby impairing the
bacteria’s  ability  to  eliminate  hydroxyl  radicals  (·OH)  and
promoting intracellular  ROS  production  through  the  activa-
tion of lipid metabolism. By interfering with purine metabol-
ism, RO  causes  an  imbalance  in  bacterial  metabolic  pro-
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cesses,  leading  to  ATP  depletion  and  ROS  overproduction.
This disruption results in the leakage of intracellular contents,
including  nucleic  acids  and  proteins.  Additionally,  RO
provided effective protection against Salmonella infection in
both  mice  and  chicks,  reducing Salmonella-induced inflam-
mation via the  MAPK/RPS3/NF-κB pathway.  From  a  mo-
lecular  biology  perspective,  we  elucidated  the  anti-En-
terobacteriaceae and protective effects of RO on target anim-
als,  highlighting its  potential  clinical  application as a natural
antibacterial  compound.  Our  findings  provide  a  theoretical
basis for enhancing livestock breeding and protection and of-
fer a viable reference for the clinical treatment of Enterobac-
teriaceae infections.

 Supporting Information

Supporting  information  can  be  requested  by  sending  E-
mails to the corresponding authors.
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