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Infection route influence the consequences &
of Nocardia farcinica infection in BALB/c mice
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Abstract

Background Nocardia, a rare but potentially fatal pathogen, can induce systemic infections with diverse
manifestations. This study aimed to investigate the tissue and organ damage caused by Nocardia farcinica (N. farcinica)
in mice via different infection routes, evaluate the resulting host immune responses, and assess its invasiveness in
brain tissue.

Methods BALB/c mice were infected with N. farcinica through intranasal, intraperitoneal, and intravenous routes
(doses: 1x 1078, 1x10A7,1x 1077 CFU in 50 pl PBS). Over a 7-day period, body temperature, weight, and mortality
were monitored, and samples were collected for histopathological analysis and bacterial load assessment. Serum was
isolated for cytokine detection via ELISA. For RNA-seq analysis, mice were infected with 1x 10" CFU through three
infection routes, after which brain tissue was harvested.

Results Intraperitoneal and intravenous N. farcinica infections caused significant clinical symptoms, mortality, and
neural disruption in mice, resulting in severe systemic infection. Conversely, intranasal infection primarily affected the
lungs without causing significant damage to other organs. Intraperitoneal and intravenous infections significantly
increased serum cytokines, particularly TNF-a and IFN-y. RNA-seq analysis of brains from intravenously infected mice
revealed significant differential gene expression, whereas the intranasal and intraperitoneal routes showed limited
differences (only three genes). The enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in the
intravenous group were primarily related to immune processes.

Conclusion The study demonstrated that intravenous N. farcinica infection induces significant clinical symptoms,
triggers an inflammatory response, damages multiple organs, and leads to systemic infections.
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Introduction
Nocardia, a Gram-positive pathogenic bacterium, is
widely distributed in the environment, including soil,
dust, water, and organic materials of animal origin [1].
Nocardia farcinica (N. farcinica) is widely distributed in
the United States and also is the most common Nocar-
dia species in China. It is considered one of the most
common causative agents among Nocardia spp [2]. N.
farcinica can invade the lungs destructively, leading to
pulmonary abscesses, necrotizing pneumonia, and other
pulmonary diseases [3]. It can disseminate through the
bloodstream upon entering the host organism, affecting
various organs, including the joints, eyes, heart, kidneys,
and central nervous system (CNS) [4]. Therefore, N. far-
cinica is considered the most pathogenic species within
the Nocardia genus due to its high morbidity, invasive-
ness, and variable resistance to antimicrobial agents [5].
The main route of Nocardia infection is through the
respiratory tract [6], and it also has a propensity to dis-
seminate hematogenously [7]. A systematic review of
Nocardia bacteremia found that 29% of patients had
intravascular device [8]. Additionally, intraperito-
neal infection is another pathway for various bacteria
to invade the body [9]. Nocardia can enter peritoneal
cavity via a peritoneal dialysis catheter instead of the
bloodstream, leading to peritonitis [10]. Gastrointesti-
nal colonization has rarely been reported, typically the
due to the inhalation of spores or swallowing of sputum
[11]. There is no conclusive evidence of person-to-person
transmission of Nocardia infections [11]. The extent of
host damage caused by pathogens varies depending on
the infection route [12]. For example, in adult mouse
models of leptospirosis, factors such as serotype, inocu-
lation dose, and route of infection significantly influ-
ence the disease progression kinetics [13]. In addition,
Michelle Nelson et al. indicates that the therapeutic
effectiveness of Co-Trimoxazole in treating melioidosis
depends on the infection route [14]. Therefore, under-
standing how different infection routes of Nocardia affect
organisms, as studied through mouse models, is crucial
for comprehending and preventing Nocardiosis. Despite
its relatively low prevalence, Nocardia should not be
overlooked due to its potential to be fatal in immuno-
suppressed patients [15]. A thorough understanding of
Nocardia infection mechanisms is essential for develop-
ing guidelines to control the diseases it can cause.
Reports have confirmed the susceptibility of Nocardia
to the CNS [16]. Nocardia can be isolated in the early
stages after brain tissue invasion but becomes undetect-
able beyond 12 days post-infection (dpi). However, symp-
toms resembling motor dysfunction, similar to those
in Parkinson’s disease, persist and can last throughout
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the lifespan of most mice [17]. It remains unconfirmed
whether all infection routes induce CNS symptoms. Fur-
thermore, the pathogenic mechanisms of Nocardia in the
brain have not been systematically elucidated in previous
studies.

Materials and methods

Animal

Pathogen-free female BALB/c mice (6-8 weeks of age)
were purchased from SPF Biotechnology Co., Ltd. (Bei-
jing, China). Before the experiments, the mice were pro-
vided food and water ad libitum for 5 to 7 days in a sterile
environment to acclimate to the microisolator cages.

Bacteria and infection of mice

N. farcinica TFM 10,152 was sourced from the German
Resource Centre for Biological Materials (Brunswick,
Germany). N. farcinica was cultured to the exponen-
tial phase in BHI broth (Oxoid Ltd, Hants, UK) at 37 °C
before infection experiments. At the time of the experi-
ment, the mice were 7—9 weeks old and had body weights
of 18.9+0.9 g (mean*SD). The mice were divided into
three groups: intranasal infection, intraperitoneal injec-
tion, and intravenous injection, with 40 mice in each
group. Each group was further subdivided into a PBS
control group and 1, 3, and 7 dpi groups, with 10 mice
in each subgroup. The intranasal, intraperitoneal, and
tail vein groups received a uniform bacterial suspension
containing approximatelylx 10%, 1x107, and 1x107 col-
ony-forming units (CFU) in 50 pl via intranasal admin-
istration, intraperitoneal injection, and intravenous
injection, respectively. Control groups received an equal
volume of sterile PBS via the same routes. The 7-day
post-infection groups were also assessed for mortality,
body temperature, and weight changes. During the intra-
nasal infection procedure, mice were anesthetized with
sodium pentobarbital at a dose of 1 to 1.2 mg per mouse.
At the designated time point, mice were euthanized via
cervical dislocation, and relevant tissues and serum sam-
ples were collected.

For transcriptomics research, mice were infected with
1x10” CFU through three routes. Brain tissues were col-
lected at 7 dpi. Based on clinical symptom observations,
it can be deduced that the control groups for all three
infection routes had no significant impact on the mice.
Consequently, histopathological examination and tran-
scriptomic study employed intraperitoneal infection of
the same volume of PBS as the control group.

Body temperature and weight
Body temperature and weight were serially quantified
every day for 7 dpi with N. farcinica IFM 10,152, and the
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initial values were also measured. Mice were weighed to
the nearest thousandth of a gram, and body temperature
was measured using an Animal Thermometer (KEW,
Nanjing, China) with rectal readings accurate to 0.1 °C.

Bacteria burden detection in tissues

For each infection route, 10 mice were sacrificed at 1, 3,
and 7 dpi. The heart, liver, spleen, lung, kidney, eye, brain,
and rectum tissue were collected and homogenized in
1 ml of PBS. To quantify the N. farcinica bacterial load in
tissues, serial dilutions of the homogenized samples were
plated on Brain Heart Infusion (BHI) agar and incubated
at 37 °C for 48 h.

Histopathology

The tissues were fixed in 4% paraformaldehyde and
embedded in paraffin. The samples were sectioned at
5 pm, stained with hematoxylin and eosin, and imaged
using a biomicroscope (Nikon, Eclipse Ci-L, Japan)
according to the manufacturer’s instructions. Pathologi-
cal analysis was conducted on the images.

ELISA detection

For serum cytokine detection, blood was obtained at 1,
3, and 7 dpi. Serum was collected after centrifugation
and stored at —80 °C until testing. Cytokine concentra-
tions (IL-4, IL-6, IL-10, TNF-a, IFN-y) were measured by
quantitative ELISA (BD OptEIA™, San Diego, CA, USA)
according to the manufacturer’s instructions.

Extraction of total RNA from infected animals

Total brain RNA was isolated at 7 dpi from N. farcinica-
infected mice and PBS controls (three replicates per
group) using TRIzol reagent (Invitrogen, USA). RNA
concentration, RIN, and size were assessed using an Agi-
lent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA), and
purity was measured with a NanoPhotometer (Thermo
Fisher, Waltham, MA, USA).

Library construction and RNA sequencing

After confirming RNA quality, magnetic beads with
Oligo(dT) were used for mRNA enrichment and purifi-
cation. mRNA was reverse transcribed into cDNA using
random primers. The resulting cDNA fragments were
then end-repaired, A-tailed, and ligated to sequencing
adapters. Target fragments were purified with magnetic
beads and then amplified by PCR, completing the library
preparation. Preliminary quantification of the library was
performed using Qubit 3.0. The sequencing strategy used
was PE150.

Read mapping and analysis
Raw sequencing data (Raw Reads) from the Illumina plat-
form were processed to obtain high-quality sequences
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(Clean Reads) by removing low-quality reads, adapter
contamination, and reads with an N ratio greater than
5%. All subsequent analyses were performed based on
the Clean Reads. All subsequent analyses were based on
the Clean Reads. HISAT2, HTSeq, RSEM, and DESeq2
were used for reference genome alignment, gene expres-
sion quantification, and differential gene expression anal-
ysis, respectively.

qRT-PCR
Total RNA from repeated infection brain samples was
used for qRT-PCR. qRT-PCR was performed with SYBR
Premix Ex Taq II reagents (TaKaRa, Japan) on a Quant-
Gene 9600 real-time PCR analyzer (Hangzhou Bori
Technology Co., Ltd, Hangzhou, China). The housekeep-
ing gene B-actin was used to normalize gene expression
levels. Fold changes in gene expression were calculated
using the 2(—AACt) method.

Statistical analysis and data visualization

Matlab software (MathWorks, Natick, MA) was used
for data analysis and visualization. Statistical results
were presented as meantstandard deviation. Analysis
of variance was performed on serum cytokines in Fig. 3.
Student’s t-test was conducted between each experi-
mental group and the control group, assuming homo-
geneity of variance and normal distribution. Differential
transcriptome and functional enrichment analyses were
performed using the Annocloud platform (https://c.
solargenomics.com/), and Gene Ontology (GO) and
KEGG charts were generated. The protein-protein inter-
action network was visualized using STRING (https://
string-db.org) and Cytoscape software.

Result

Mice infected with N. Farcinica via intravenous route
exhibit more severe clinical symptoms

Given that the intraperitoneal route is commonly used in
lethal dose studies of pathogens, this research employed
a concentration of 1x10°® to infect mice as a positive con-
trol. Partial mortality was observed in mice at this con-
centration. Figure 1A shows the mortality assessment
over a 7-day period. Mice in the intraperitoneal infec-
tion group exhibited messy, dull fur and reduced food
and water intake after infection. At 2 dpi, the anus was
blocked by excrement, resulting in suppuration and diffi-
culty in defecation (Supplementary Fig. 1a). On the third
day, increased ocular secretion made it difficult for the
mice to open their eyes (Supplementary Fig. 1b). Some
mice exhibited neurological symptoms during the experi-
ment, such as head tilting and circling when their tails
were lifted. Weight decreased from 1 to 5 dpi and then
stabilized, while in the control group, it increased from
1 to 4 dpi and then fluctuated slightly. Body temperature
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Fig. 1 Clinical symptoms analysis of BALB/c mice infected with N. farcinica via different routes. Female mice (n=10) were infected intraperitoneally (i.p.),
delivered intravenously (i.v.), and dropped intranasally (i.n.) with N. farcinica IFM 10,152, respectively. (A) Assessment of mortality in 7 consecutive days.
(B) Body temperature and weight of i.p. group. (C) Body temperature and weight of i.v. group. (D) Body temperature and weight of i.n. group. Mice were
weighed to the accuracy of thousandth of a gram. Body temperature was assessed rectal temperature to the nearest 0.1 °C

increased from 1 to 3 dpi, followed by a gradual return
to normal. Two mice experienced a sudden drop in body
temperature at 1 and 4 dpi, respectively, and died at the
next day. In contrast, the control group remained stable
throughout (Fig. 1B).

Similar to the intraperitoneal infection group, mice in
the intravenous infection group also displayed ocular and
neurological symptoms. Notably, some mice in the intra-
venous infection group experienced a sharp drop in body
temperature accompanied by neurological symptoms and
died the next day. Some mice experienced a decline in
body temperature, which later recovered, but neurologi-
cal symptoms persisted throughout the experiment. Body
temperature and weight changes in other mice are shown
in Fig. 1C.

Mice in the intranasal infection group did not exhibit
significant clinical symptoms during infection. Body tem-
perature rose at 2 dpi and then decreased to normal level.
Weight dropped at 2 dpi, then rose and approached that
of the control group. The control group for intranasal

infection was similar to the other two control groups
(Fig. 1D).

Mice infected with N. Farcinica via intravenous route
exhibit a more severe bacterial burden in tissues

As shown in Fig. 2, intranasal infection caused a high
bacterial burden only in the lungs. Bacterial burdens in
the spleen, lung, and rectum were higher in intraperito-
neal infection compared to intravenous infection, while
other tissues had lower burdens. Intravenous infection
resulted in a higher bacterial load in the brain compared
to the other two infection routes. In summary, bacterial
burdens in all tissues of mice infected via different routes
peaked at 1 dpi. An exception was the kidneys in the
intravenous infection group, where the bacterial burden
continued to rise from 1 to 7 dpi.

Mice infected with Nocardia through intravenous infection
exhibited more severe inflammatory responses

As seen in Fig. 3, IL-4 and IL-6 concentrations were sig-
nificantly higher in all three infection routes compared
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Fig. 2 The bacterial load in organs of mice infected with N. farcinica IFM 10,152 in different routes at 1, 3, and 7 dpi. Heart, liver, spleen, lung, kidney, eye,
brain, and 5 mm long rectal were collected, and bacterial colonies in those organs were counted at 1, 3, and 7 dpi

difference in expression was observed in the intrana-
sal group. IFN-y was significantly upregulated in the
intraperitoneal infection group at 1 and 3 dpi and sig-
nificantly increased at 1 dpi via intravenous infection.
In the intranasal group, IFN-y expression levels showed
only minor changes.

to the control group. IL-10 expression was upregu-
lated in the intraperitoneal and intravenous infection
groups but downregulated in the intranasal group.
TNEF-a levels significantly increased in the intraperi-
toneal infection group and dramatically increased in
the intravenous infection group at 3 dpi. No significant
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Fig. 3 The expression of serum cytokines of mice infected with N. farcinica IFM 10,152 in different routes at 1, 3, and 7 dpi. Mice were infected for one time
with bacteria intraperitoneally (i.p.), intravenously (i.v.), and intranasally (i.n.) at a dose of 1x 1 0%, 1x107,and 1x 10’ CFU in 50 pl PBS, respectively. The data
of blank group was acquired from the mice infected with 50 pl PBS at 1 dpi. Cytokine levels (IL-4, IL-6, IL-10, TNF-a, and IFN-y) in serum were measured by
ELISA. Student’s t test was conducted between each experimental group and the blank group (*P<0.05, **P<0.01)
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Histopathological analysis

Histopathological analysis revealed no obvious abnor-
malities or inflammation in the control group tissues. The
tissue pathological changes of the main invaded organs
in mice caused by N. farcinica with specific pathological
changes are detailed in Fig. 4.

Lung

The lungs showed mild lymphocyte infiltration in mul-
tiple alveolar walls at 1 and 3 dpi (Fig. 4A, black arrow),
with mild hemorrhage around local blood vessels at 7 dpi
in the intraperitoneal infection group (Fig. 4A, yellow
arrow). In the intravenous group, large areas of alveolar
wall thickening were observed, accompanied by granu-
locyte infiltration (Fig. 4A, black arrow) and local hem-
orrhage (Fig. 4B, red arrow). No pathological changes
were observed in the lungs at 1 dpi following intranasal
infection; however, lymphocyte infiltration and alveo-
lar expansion were noted at 3 and 7 dpi (Fig. 4C, yellow
arrow).

Eye

The anterior corneal epithelium became thinner, with
some epithelial cell nuclei shrinking and deep staining
observed at 1 dpi following intraperitoneal infection.
The number of corneal stromal fibroblasts increased at
1 dpi (Fig. 4A, black arrow), with punctate infiltration of
lymphocytes and neutrophils appearing on the third day
(Fig. 4A, yellow arrow), all of which returned to normal
by day 7. At 1 day and 3 days after intravenous infection,
eosinophilic reticular structures (Fig. 4B, green arrows)
were observed on the cornea, with cytoplasmic loosen-
ing and slight staining (Fig. 4B, black arrow), which later
returned to normal without further abnormalities. No
pathological changes were observed in ocular tissue fol-
lowing intranasal infection.

Brain

A large number of neurons in the brain tissue shrank,
with deeper staining and unclear nucleus and cytoplasm
at 1 dpi following intraperitoneal infection (Fig. 4A,
black arrow). Local punctate infiltration of lymphocytes
and neutrophils was observed on day 3 (Fig. 4A, yellow
arrow), with a small amount of neuronal degeneration
on day 7. Following intravenous infection, brain tis-
sue showed only a small amount of granulocyte infiltra-
tion at 1 dpi (Fig. 4B, black arrow) and bleeding at 3 dpi
(Fig. 4B, green arrow). By day 7, focal necrosis of corti-
cal neurons and fragmentation and dissolution of nuclei
were observed (Fig. 4B, black arrow). From day 1 after
intranasal infection, neurons in the brain cortex and CA3
and DG areas of the hippocampus shrank, with deeper
cell staining and unclear nuclear-cytoplasmic boundaries
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(Fig. 4C, black arrow). This condition persisted until day
7.

Rectum

No obvious abnormalities were detected in the rectum at
1 and 3 dpi following intraperitoneal infection. Increased
necrosis and dissolution of intestinal glands were
observed in the local lamina propria at 7 dpi (Fig. 4A, yel-
low arrow). A small amount of connective tissue hyper-
plasia was accompanied by mild lymphocyte infiltration
(Fig. 4A, red arrow). At 3 dpi following intravenous
infection, intestinal tissue exhibited significant glandular
dilation (Fig. 4B, red arrows) with granulocytes present
within the glands (Fig. 4B, green arrows). Mild connec-
tive tissue hyperplasia in the mucosal layer, accompanied
by a small amount of lymphocyte infiltration (Fig. 4B,
black arrows), persisted until day 7. No pathological
changes were observed in the rectum in the intranasal
group.

These results suggest that intraperitoneal and intrave-
nous infections can cause severe systemic infections in
multiple organs. Histopathological analysis was also con-
ducted on other tissues, including the heart, liver, spleen,
and kidneys. Detailed results are provided in the supple-
mentary file.

Differential gene expression statistical analysis

The selection of differentially expressed genes was pri-
marily based on fold change values and g-values (padj
values, adjusted P-values) as relevant indicators. Typi-
cally, differentially expressed genes with |log2 fold
change| > 1 and q<0.05 were considered statistically sig-
nificant. Brain transcriptome data from different infec-
tion routes were compared with the control group to
identify differentially expressed genes. The total num-
ber of differentially expressed genes in each comparison
group is shown in Table 1.

GO functional analysis of differentially expressed genes

GO enrichment analysis revealed that of the 30 enriched
terms following intravenous infection, the primary acti-
vations were related to immune processes, including
pathways like G-protein coupled receptor signaling and
inflammatory response. This indicates strong immune
activation at the cellular membrane level, as shown by the
abundance of plasma membrane components (Fig. 5A).
In contrast, GO analysis of intraperitoneal injection and
intranasal infection showed only 26 enriched terms with
a gene count greater than 2 for each, with no overlap with
GO enrichment terms from intravenous infection. This
suggests that without similar widespread gene expression
changes following intraperitoneal and intranasal infec-
tions, the statistical power of the enrichment analysis
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Fig. 4 Representative H&E-stained organs of mice. Scale bars: 200 um. The arrows mark the pathological changes that were detailed described in the
Results. (A) Mice were infected with bacteria intraperitoneally at a dose of 1x 108 CFU in 50 ul PBS, or 50 pl PBS for 1 day. (B) Mice were infected with
bacteria intravenous at a dose of 1x 107, CFU in 50 ul PBS, or 50 ul PBS for 1 day. (C) Mice were infected with bacteria intranasally at a dose of 1x 107, CFU
in 50 pl PBS, or 50 ul PBS for 1 day
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Table 1 Differentially expressed genes in each infection route

Name i.n.C ip.C iv.C
Up 0 0 179
Down 0 3 8
Total 0 3 187

is significantly reduced, resulting in enrichment with
weaker biological and statistical significance, which were
therefore excluded from the GO analysis.

Differential gene expression KEGG pathway analysis
KEGG pathway enrichment analysis of brain tissue fol-
lowing N. farcinica infection reveals significant activa-
tion of immune-related pathways (Fig. 5B). Notably, the
“Cytokine-cytokine receptor interaction” and “Phago-
some” pathways are highly enriched, indicating a robust
immune response. Additional pathways, such as “Human
cytomegalovirus infection,” “Epstein-Barr virus infec-
tion,” and “Tuberculosis,” suggest overlap with pathways
involved in viral and bacterial infections. Moreover,
immune signaling pathways, including “NOD-like
receptor signaling” and “TNF signaling, are signifi-
cantly enriched, underscoring their role in the brain’s
response to infection. No KEGG pathway enrichment
was observed following intranasal infection, and only two
pathways were enriched following intraperitoneal injec-
tion infection.
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Verification of DEGs by qRT-PCR

Selected key genes from the “phagosome” and “NOD2”
signaling pathways were assigned primers and subjected
to qRT-PCR verification, assessing the concordance
of their up- or downregulation trends with RNA-seq
results. The qRT-PCR results aligned with the RNA-seq
analysis, affirming the robustness of the RNA-seq data
(Supplementary Fig. 4A, 4B).

Analysis of DEGs associated with nervous system disease

Transcriptomic analysis revealed that intravenous infec-
tion led to differential gene expression patterns asso-
ciated with neurodegenerative conditions, including
Parkinson’s and Alzheimer’s diseases. As shown in the
figure, differentially expressed genes related to neurologi-
cal disorders from RNA-seq analysis exhibited consistent
up- or downregulation trends with qRT-PCR validation
(Fig. 6). This confirmed the accuracy of the RNA-seq
data, suggesting that N. farcinica infection via the intra-
venous route might induce neurological impairment and
trigger neurodegenerative diseases. We analyzed dif-
ferentially expressed genes related to neurodegenerative
diseases and generated a heatmap (Fig. 7A). The heatmap
highlighted the clustering of neurodegenerative disor-
ders, such as Alzheimer’s and Parkinson’s diseases. Addi-
tionally, we conducted protein-protein interaction (PPI)
analysis on differentially expressed genes associated with
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Process), CC (Cellular Component), MF (Molecular Function). (B) DEGs KEGG pathway analysis of N.farcinica infected by intravenous infection pathway
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Fig. 6 The genes involved in neurodegenerative diseases were analyzed by RNA-seq and verified by gRT-PCR. P<0.05 or 0.01 and marked by * or **

respectively

the nervous system and neurodegenerative diseases dur-
ing N. farcinica infection (Fig. 7B). As shown in Fig. 7B,
among the differentially expressed genes associated with
neurological disorders and neurodegenerative diseases,
IL1B, CSFIR, and SPI1 might play important roles in the
progression of N. farcinica infection.

Discussion

Animal models that enable reproducible measurements
of disease progression and pathology are essential for
developing new therapies, vaccines, and diagnostic
assays for nocardiosis. Using BALB/c mice, we measured
empirical clinical signs of infection, such as weight loss
and other metrics, to qualify and quantify pathological
differences. Based on preliminary experiments, 1x 10’
CFU N. farcinica was selected for intravenous infec-
tion. This infection dose resulted in the death of some
mice (approximately 2/10), accompanied by pronounced

neurological symptoms, consistent with previous
research [18]. As a positive control to simulate a similar
mortality rate to intravenous infection, a dose of 1x10®
CEU N. farcinica was used for intraperitoneal infec-
tion. Additionally, to compare the effects of intranasal
infection with an equivalent dose to intravenous infec-
tion, 1x10” CFU was used for intranasal infection. The
results showed that the N. farcinica inoculation route
had a significant impact on the outcome in mice. Intra-
venous infection resulted in more pronounced clinical
symptoms, inflammatory response, tissue lesions, higher
mortality rate, and bacterial load compared to intrana-
sal infection. After intranasal inoculation, mice exhib-
ited increased body temperature and decreased body
weight at 1 and 2 dpi. This infection route caused pro-
nounced lung inflammation and significant pathological
alterations, with relatively less damage to other organs.
Although N. farcinica was not detected in the brain,
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Fig. 7 (A) Heatmap of the DEGs related to neurodegenerative diseases. (B) Protein-protein interaction network of genes associated with the nervous

system and neurodegenerative diseases, along with ten hub genes

minor pathological changes were observed. This discrep-
ancy between histopathology and CFU count suggests
that the clinical effect of infection is influenced more by
the host immune response than by bacterial load alone
[19]. Cytokine changes in serum showed that only IL-4
and IL-6 levels increased. It is speculated that the lower
infection dose and lung-restricted infection in immuno-
competent mice may hinder the development of dissemi-
nated infection and systemic symptoms. Consequently,
no significant pathogenicity was observed in other organs
[18]. This also suggests that IFN-y and TNF-a were not

significantly upregulated due to the mild inflammatory
response.

Intravenous infection caused severe systemic infection
with obvious clinical symptoms, including elevated body
temperature, weight loss, and significant upregulation
of cytokines (IL-4, IL-6, IL-10, TNF-a, IFN-y). Exten-
sive Nocardia spp. biofilm formation was observed on
a central venous catheter in a cancer institution [20]. A
case of catheter-related bloodstream infection caused by
N. farcinica was also reported [21]. In this study, intra-
venous infection with N. farcinica invaded all organs,
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consistent with previous reports [22]. Some mice expe-
rienced elevated body temperature after infection, fol-
lowed by a sudden drop accompanied by neurological
symptoms, leading to death the next day. This suggests
that the immune system struggles to combat N. farcinica
infection, with bacterial replication outpacing the body’s
clearance mechanisms. Since hypothermia is a significant
sign of sepsis, it is speculated that the body progressed
to sepsis at this point, leading to a drastic drop in rectal
temperature and eventual death [23]. Additionally, it has
been reported that intravenous inoculation of Nocardia
asteroides in experimental animals leads to preferential
invasion and proliferation in specific anatomical regions,
particularly the brain [24]. In this study, N. farcinica inva-
sion exhibited a similar pattern, with more severe neuro-
logical symptoms and higher bacterial loads in the brain
observed in cases of intravenous infection compared to
the other two infection routes. A notable observation
was the increased bacterial burden in the kidneys. Histo-
pathological examination of the kidney revealed worsen-
ing pathology from 1 to 7 dpi (Supplementary Fig. 1). A
similar phenomenon was observed in mice infected with
Serratia marcescens via intravenous injection [25]. This
may result from the increased replication rate of N. far-
cinica in mice infected via the tail vein or the host’s inad-
equate immune clearance, leading to unchecked bacterial
proliferation. The specific mechanisms underlying this
phenomenon deserve further investigation. Although
the inoculum dose was equivalent between the intrana-
sal and tail vein infection routes, the number of N. far-
cinica that breach tissue and disseminate depends on the
immune defense capability at each port of entry.

In this study, we found that the bacterial burden in
the rectum was higher in intraperitoneal infection com-
pared to the other two infection routes. Purulent secre-
tion in the anus was observed, leading to defecation
difficulty, and severe pathological changes in the tissue.
To our knowledge, intestinal damage caused by Nocar-
dia infection has not been previously reported. Ocular
involvement by Nocardia spp. has been documented
only in isolated cases and not confirmed by experimen-
tal research [26]. We found that N. farcinica could spread
to the eye and multiply following both intravenous and
intraperitoneal infection, manifesting clinical symptoms.
Ji et al. reported that N. farcinica can quickly cross the
blood-brain barrier and enter the brain parenchyma,
causing CNS infection through intravenous injection,
findings replicated in our study using intraperitoneal
infection [18]. Similarly, our study replicated these find-
ings using intraperitoneal infection, although it required
a higher bacterial dose.

Transcriptome analysis revealed that only intrave-
nous infection through the tail vein enriched multiple
differentially expressed genes. Biological Process (BP)
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enrichment highlighted significant involvement of innate
and adaptive immune responses, consistent with research
on the brain’s complex immune regulatory mechanisms
[27]. Cellular Component (CC) enrichment points to spe-
cific subcellular compartments and organelles involved
in immune responses, while Molecular Function (MF)
enrichment emphasizes the dynamic molecular interac-
tions underlying immune regulation in the brain, consis-
tent with immune cell activation [28, 29]. Furthermore,
terms such as “cellular response to type II interferon”
and “neutrophil chemotaxis” suggest the activation of
immune signaling pathways and cell recruitment, consis-
tent with their roles in neuroinflammation [30, 31].

KEGG pathway enrichment analysis highlighted the
involvement of multiple immune response pathways,
emphasizing the central role of immune cell communica-
tion and activation in response to N. farcinica infection
[32]. Pathways such as “Tuberculosis,” “Graft—versus
—host disease,” and “Type I diabetes mellitus” suggest a
possible link between N. farcinica-induced neuroinflam-
mation and broader systemic immune responses [33,
34]. Pathways such as the “NOD-like receptor signal-
ing pathway” and “Antigen processing and presentation”
imply the activation of innate immune mechanisms and
antigen recognition within the brain [35]. Interestingly,
the enrichment of pathways related to neutrophil func-
tions may indicate the involvement of neutrophils in N.
farcinica-induced neuroinflammatory processes [36].
These findings illustrate the complexity of the brain’s
immune microenvironment and its potential impact on
neurological and systemic health following intravenous
N. farcinica infection.

Among the 187 DEGs identified from transcriptomic
analysis, 31 genes associated with neurological disorders
were selected for constructing heatmaps and protein-
protein interaction networks. PPI analysis and heatmap
visualization suggest that N. farcinica infection in mice
can induce neurodegenerative disorders. Their central
positions within the PPI network highlight their poten-
tial significance as key regulators in the complex inter-
play of factors driving N. farcinica-induced neurological
diseases. The involvement of these genes in neurodegen-
erative disorders has also been documented [37-39]. Elu-
cidating the in-depth pathogenic mechanisms will be the
focus of our future research.

Conclusion

This study highlights the significant impact of infection
routes on the pathogenicity of N. farcinica in BALB/c
mice. Of the tested routes, intravenous infection was
the most severe, as reflected in the extent of infection,
tissue colonization, and inflammation within the host.
This study provides a theoretical foundation for under-
standing the pathogenicity of N. farcinica across different
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infection routes and offers critical insights for developing
targeted clinical interventions and improving nocardiosis
management.
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