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A B S T R A C T

Despite recent progress in the diagnosis and treatment of advanced cancers, the overall patient treatment 
outcome did not substantially improve over the last years. Therefore, developing novel therapies, which may also 
work synergistically in combination with the conventional therapies is crucial. One promising new therapeutic 
approach is bacterium-mediated cancer therapy. In the current work, we describe the influence of the gut 
microbiome and intranasal E. coli Nissle applications on the metabolism in cancer tissues of 4T1 syngeneic tumor 
bearing mice. Here we found that after gut microbiome depletion and/or E. coli Nissle treatment the ratios of 
ADMA/Arginine, Putrescine/Ornithine and Kynurenine/Tryptophan as well as the total concentration of Car
nosine, Kynurenine and H1 (synonymus for all sugars detectable) are significantly altered in tumor tissues of as 
the result of treatment. In conclusion, our current data show that E. coli Nissle bacteria facilitating metabolic 
modulation of tumors, a finding could be important for improved cancer therapy in patients.

1. Introduction

Cancer remains one of the leading causes of mortality worldwide [1], 
and despite advances in conventional treatments such as surgery, radi
ation, and chemotherapy, therapeutic options for patients with 
advanced-stage disease remain limited, often resulting in poor clinical 
outcomes. This underscores the urgent need for novel therapeutic stra
tegies that can complement or enhance existing modalities. One prom
ising therapeutic approach is bacterium-mediated cancer therapy [2,3]. 
The most important challenges for the successful clinical use of bacteria 
are ensuring their preferential tumor colonization and initiating func
tional tumor-specific immunity [4]. Several different bacteria, including 
Salmonella spp. [5], Bifidobacterium longum [6], Eschericha coli [7], Lis
teria monocytogenes [8] and Clostridium spp. [9,10] have been tested as 
anticancer agents in preclinical studies [11–13]. Unfortunately, only a 
limited number of bacterial strains have undergone successful testing in 

human clinical trials involving cancer patients. The Escherichia coli 
Nissle 1917 (EcN) strain, which has probiotic properties, is one of the 
new and promising candidates for bacterium-mediated cancer therapy 
[14]. This non-pathogenic EcN is the basis for an edible drug called 
“Mutaflor”® (Ardeypharm, Germany), which is utilized for the treat
ment and prevention of gastrointestinal disorders, including ulcerative 
colitis [15], chronic constipation [16], Crohn’s disease [17] and irritable 
bowel syndrome [18]. Several engineered variants of EcN for treatment 
of metabolic disorders [19], infectious diseases [20] and cancers are 
currently in Phase I clinical trials. In addition, it was shown that the 
Nissle strain has immunomodulatory effects; for example, it suppresses 
immune-mediated damage and upregulates beneficial responses [21]. 
Furthermore, our group as well as others have previously demonstrated 
the ability of EcN to preferentially colonize tumor tissues [22–26]. Very 
recently, we analyzed the impact of the gut microbiome on the anti
tumor capacity of an EcN derivate strain (EcN/pMUT-gfp Knr) [27] in 
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4T1 mammary carcinoma-bearing BALB/c mice [28]. The gut micro
biome is a collection of diverse microorganisms, such as bacteria, fungi, 
and archaea, which normally reside within the gastrointestinal tract 
[29–31]. Gut microbiota can have opposing functions from 
pro-tumorigenic to anti-tumorigenic effects [30–32]. As a result, the 
possible role of the gut microbiota in cancer treatment of different 
cancer types is currently under an intensive investigation.

This manuscript aims to conduct a preclinical translational investi
gation into the metabolic effects of the probiotic Escherichia coli Nissle 
(EcN) and microbiome depletion within a murine tumor model. The 
research employs comprehensive metabolomic profiling to characterize 
metabolic changes associated with tumors that result from microbiome 
modulation, using the 4T1 syngeneic breast cancer model. The study 
stresses the importance of recognizing broad metabolic changes that 
indicate how microbial interventions affect tumor metabolism, rather 
than outlining a particular molecular mechanism.

In this study we analysed metabolite profiles in cancer tissues of 4T1 
syngeneic tumor bearing mice after temporal antibiotic-induced deple
tion of the gut microbiome and/or intranasal Escherichia coli Nissle 
1917 (EcN) treatments. Our findings demonstrate that both antibiotic- 
induced, temporal depletion of the gut microbiome and intranasally 
applied bacterial treatment lead to statistically significant metabolite 
changes in the cancer tissues compared that of the control animals. 
These findings may be helpful for the design of new diagnosis and 
therapeutic approaches for cancer therapy with EcN and offer proof-of- 
concept evidence that supports the promise of microbiome-driven 
metabolic modulation as a basis for future translational cancer 
therapies.

2. Materials and methods

The bacterial strain EcN/pMUT-gfp Knr [26] is a derivate of E. coli 
Nissle 1917 (Ardeypharm GmbH, Herdecke, Germany) carrying a 
kanamycin (Kn)-resistance cassette as well as a green fluorescent protein 
(GFP) gene. Here, the strain EcN/pMUT-gfp Knr was grown in Luria 
Bertani (LB) Broth medium (Sigma-Aldrich-L3022, Schnelldorf, Ger
many) containing 30 µg/mL kanamycin (Sigma-Aldrich, Schnelldorf, 
Germany). Bacteria were harvested and washed with endotoxin-free, 
sterile phosphate-buffered saline (PBS) (Dulbecco, Sigma-Aldrich, Ger
many, cat. No.: TMS-012-A) prior to injection.

The 4T1 mammary cancer cells (ATCC: CRL-2539) were cultured in 
DMEM medium (Thermo Fisher Scientific, Schnelldorf, Germany, 
11965092) supplemented with 10 % fetal bovine serum (FBS; Sigma- 
Aldrich, Schnelldorf, Germany, F4135) and 1 % penicillin-streptomycin 
antibiotic solution (Sigma-Aldrich, Schnelldorf, Germany, P4333) at 37 
◦C in a humidified incubator with 5 % CO2.

2.1. Antibiotic-induced microbiome depletion in mice

For gut microbiome depletion, BALB/c mice (Charles River, Sulzfeld, 
Germany) received a cocktail of four antibiotics and one antimycotic 
[ampicillin 1 g/L (Sigma-Aldrich, Schnelldorf, Germany, A9518), van
comycin 0,35 g/L (Sigma-Aldrich, Schnelldorf, Germany, V2002), 
neomycin 1 g/L (Sigma-Aldrich, Germany, N1876), metronidazole 1 g/L 
(Sigma-Aldrich, Schnelldorf, Germany, M1547) and amphotericin B 
0.1 g/L (Sigma-Aldrich, Schnelldorf, Germany, A2942)] in their drink
ing water, as described in previous reports [33,34]. The antibiotic 
cocktail was administered to mice for a period of 7 days and was 
replaced every other day. At days 4 and 7 after antibiotic treatment 
(ABT), faecal samples of antibiotic-treated mice were collected and 
analyzed as already described by Gentschev et al., 2022 [28]. 

• Tumor treatment with the E. coli Nissle strain (EcN/pMUT-gfp 
Knr ) in 4T1 tumor-bearing BALB/c mice

Animal experiments were carried out in accordance with the 

protocol approved by the Government of Upper Franconia, Germany, 
according to the guidelines for the welfare and use of animals in cancer 
research (application No.: RUF-55.2.2.–2532–2–849).

The tumors were generated by implanting 1 × 105 mammary car
cinoma 4T1 cells subcutaneously into the right dorsal flank regions of 5- 
to 6-week-old female BALB/c mice (Charles River, Sulzfeld, Germany). 
When tumors reached 100–250 mm3, four groups of mice (n = 5), two 
antibiotic-treated (ABT) and two untreated, were injected intranasally 
(i.n.) twice either with EcN/pMUT-gfp Knr (1 × 107 bacteria/15 µL PBS/ 
mouse) or with PBS only (15 µL PBS per mouse). During treatment, the 
tumor volume of each mouse was determined with a digital caliper at 
least two times per week and calculated by use of the modified ellipsoid 
formula [(length × width2)/2].

2.2. Analysis of bacterial colony forming units (CFU) in tumor samples

To determine bacterial load in tumor tissues, the EcN/pMUT-gfp Knr 

treated mice were euthanized and the tumors were excised, weighed and 
homogenized in sterile PBS. The homogenates were serially diluted and 
plated on LB agar plates containing 30 µg/mL kanamycin (Sigma- 
Aldrich, Schnelldorf, Germany, B5264). Resultant colonies were coun
ted, and the bacterial numbers were calculated as CFU per 1 g tumor 
tissue.

2.3. Preparation of tumor samples for metabolomics

For metabolomics studies of different treated 4T1 tumor-bearing 
BALB/c mice, tumors were excised, snap-frozen in liquid nitrogen and 
then used for metabolomics analyses.

2.4. Metabolomics

Targeted metabolomics measurements were performed using liquid 
chromatography- and flow injection-electrospray ionization-tandem 
mass spectrometry (LC- and FIA-ESI-MS/MS) and the AbsoluteIDQ™ 
p180 Kit (BIOCRATES Life Sciences AG, Innsbruck, Austria). The assay 
allows simultaneous quantification of 188 metabolites out of plasma or 
tissue homogenate. The complete assay procedures as well as the tissue 
extraction in principle have been previously published [35]. For this 
type of murine tumor tissue samples, the tissue extraction method has 
been adapted specifically. In brief, tissue homogenates were always 
prepared freshly as follows:

Frozen murine tumor tissue samples were weighted into homogeni
zation tubes with ceramic beads (1.4 mm). For metabolite extraction, to 
each 1 mg of frozen murine tumor tissue, 3 μL of a 4 ◦C cooled mixture of 
ethanol/phosphate buffer (85/15 v/v) were added. Tissue samples were 
homogenized using a Precellys24 homogenizer (PEQLAB Biotechnology 
GmbH, Germany), 3 x for 30 s at 5500 rpm and − 4 ◦C, with 30 s pause 
intervals to ensure constant temperature, followed by centrifugation at 
10,000 x g for 5 min. Subsequently, 5 μL of the supernatants were placed 
into the cavities of the 96-well filter plate of the p180 assay. Samples 
were dried in a nitrogen stream for 30 min. Amino acids and biogenic 
amines in the samples were derivatized with an excess of 5 % phenyl
isothiocyanate for 20 min and dried in a nitrogen stream. Samples were 
extracted for 30 min at RT with 300 µL methanol containing 5 mM 
ammonium acetate. The LC run was performed using an Agilent XDB- 
C18 column (3 ×100 mm, 3.5 µm). Sample handling was performed 
by a Hamilton Microlab STAR™ robot (Hamilton Bonaduz AG, Bonaduz, 
Switzerland) and a Ultravap nitrogen evaporator (Porvair Sciences, 
Leatherhead, U.K.), beside standard laboratory equipment. Mass spec
trometric analyses were done on an API 4000 triple quadrupole system 
(SCIEX Deutschland GmbH, Darmstadt, Germany) equipped with a 1260 
Series HPLC (Agilent Technologies Deutschland GmbH, Böblingen, 
Germany) and a HTC-xc PAL auto sampler (CTC Analytics, Zwingen, 
Switzerland) controlled by the software Analyst 1.6.2. For the LC-part, 
compounds were identified and quantified based on scheduled 
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multiple reaction monitoring measurements (sMRM), for the FIA-part on 
MRM. Data evaluation for quantification of metabolite concentrations 
and quality assessment were performed with the software MultiQuant 
3.0.1 (SCIEX) and the MetIDQ™ software package, which is an integral 
part of the AbsoluteIDQ™ Kit. Metabolite concentrations were calcu
lated using internal standards and reported either in pmol/mg for wet 
tissue or µmol/L (µM) for tissue homogenate.

2.5. Statistical analyses

Statistical analyses were prepared with R (vers. 4.2.1) and metab
oanalyst (vers. 5.0 [35]). R scripts were used to detect missingness and 
for general quality control of the metabolites and samples. NA detection 
was performed and the metabolites c4(OH)Pro, DOPA, Dopamine, 
Nitro/Tyr, SDMA, PC ae C42:4, SM C20:2 and SM C22:3 had to be 
excluded as they had more than 40 % of NA over all samples and where 
thus deemed to unreliable. CV testing was also performed and 
C14:1-OH, C16:1-OH, C16:2, C16-OH, C3:1, C5:1-DC, C5-DC (C6-OH), 
C6:1, C7-DC, C9, Histamine, PC ae C30:1, Spermine, lysoPC a C26:0 and 
lysoPC a C26:1 were removed due to a coefficient of variation (CV) of 
more than 25 %. PLS-DAs were used to prepare a general overview of the 
data. Further detailed analyses were prepared as follows:

All remaining metabolites (after QC) from the AbsoluteIDQ™ p180 
Kit, which have an inherent left shift of measured concentrations, were 
then transformed to normal data distribution by normalizing the sam
ples by sum, log tranformation as well as pareto scaling of the measured 
values. ANOVA was applied to elucidate the significant changes over all 
the different groupings in the data and those which passed Fisher’s 
posthoc were then used to prepare volcano plots and pathway analyses. 
The groupings of data are as follows: For gut microbiome depletion and 
E. coli Nissle (EcN/pMUT-gfp Knr) injections, 4T1 tumor-bearing BALB/ 
c mice were treated with either an antibiotic cocktail (ABT), PBS, bac
teria (EcN) or combinations thereof, as described in the Materials and 
Methods. During the treatment the tumor volume of each mouse was 
determined at least two times per week. Mice of all treated groups (PBS, 
ABT PBS, EcN, and ABT EcN) were euthanized before achievement of an 
excessive tumor burden (>1500 mm3), as requested by the animal 
protocol. After that the tumors were excised and used for metabolomics 
analyses.

3. Results

PLS-DA of the homogenized tumor tissue samples revealed a clear 
metabolic separation between EcN-treated and PBS-treated groups, 
irrespective of antibiotic pre-treatment. The model showed strong per
formance with an R²Y of 0.774, R²X of 0.629, and a Q² of 0.505 (Fig. 1A). 
A parallel analysis of the directly measured, non-homogenized tissue 
samples yielded nearly identical results (R²Y = 0.775, R²X = 0.631, Q² =
0.509; Fig. 1B), using the same PLS-DA settings. Both models were 
validated using 10-fold cross-validation and 2000-fold permutation 
testing, with highly significant p-values (p = 5 × 10⁻⁴) for both permuted 
R² and Q² metrics. Together, these results confirm the robustness of the 
observed metabolic distinction induced by EcN treatment, regardless of 
sample preparation method.

(A) Partial Least Squares Discriminant Analysis (PLS-DA) of ho
mogenized tumor tissue samples reveals clear metabolic separation be
tween PBS-treated (purple and green) and E. coli Nissle (EcN)-treated 
(red and blue) groups, independent of antibiotic pre-treatment. The 
model demonstrates strong classification performance with R²Y 
= 0.774, R²X = 0.629, and Q² = 0.505.

(B) A comparable separation is observed in non-homogenized, 
directly measured tumor tissues, with nearly identical model statistics: 
R²Y = 0.775, R²X = 0.631, and Q² = 0.509.

Both models were rigorously validated using 10-fold cross-validation 
and 2000-fold permutation testing, yielding significant model robust
ness with p-values of 5 × 10⁻⁴ for permuted R² and Q² in both analyses. 
These results confirm that EcN treatment induces reproducible and 
distinct metabolic shifts in tumor tissues across both sample preparation 
methods.

As expected from the strong PLS-DA clustering, no major differences 
were observed between homogenized and non-homogenized tissue 
samples, regardless of antibiotic treatment. However, the metabolic 
differences between EcN-treated and non-EcN (PBS) groups were strik
ing and consistent across both sample types. These patterns were further 
supported by statistical testing using ANOVA with false discovery rate 
(FDR) correction, which highlighted a distinct set of significantly altered 
metabolites in EcN-treated versus control groups, irrespective of tissue 
homogenization status (suppl. Table 1a, with its power calculation in 
suppl. Table 1b). These statistically relevant metabolites were 

Fig. 1. PLS-DA of metabolomic profiles from homogenized and direct tumor tissue samples.
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subsequently subjected to pathway enrichment analysis using Metab
oAnalyst [35].

For the pathway analyses significantly affected metabolites from 
suppl. table 1a were chosen for pairings of ABT EcN vs ABT PBS and EcN 
vs PBS.

The resulting pathway analysis suggest that the statistically signifi
cant metabolite changes of the tissue samples are mainly located in the 
Oxidation of Branched Chain Fatty Acids, Urea Cycle, Beta Oxidation of 
Very Long Chain Fatty Acids, Arginine and Proline Metabolism. The 
Tryptophan Metabolism and the Beta-Alanine Metabolism show a raw p- 
value of < 0.05 in the tissue samples without antibioitcs only.

The homogenate samples show also a rather similar pattern, however 
there are some more differences between the pathway analyses of the 
antibiotic and non-antibiotic groups. The Spermidine and Spermine 
Biosynthesis, Methionine Metabolism, Glycine and Serine Metabolism, 
Arginine and Proline Metabolism, D-Arginine and D-Ornithine Meta
bolism, Tryptophan Metabolism, Betaine Metabolism, Oxidation of 
Branched Chain Fatty Acids and Urea Cycle are similarly found to be 
significantly affected in both groups by their raw p-value. However 
Alanine Metabolism, Glutathione Metabolism, Ammonia Recycling, 
Porphyrin Metabolism, Glutamate Metabolism, Carnitine Synthesis, Bile 
Acid Biosynthesis and Purine Metabolism are only found to be below 
0.05 in the raw p-value in the homogenate samples without antibiotic, 
whereas Thyroid hormone synthesis, Catecholamine Biosynthesis, 
Tyrosine Metabolism, Valine, Leucine and Isoleucine Degradation, 
Phenylalanine and Tyrosine Metabolism and Propanoate Metabolism 
are exclusively below 0.05 (raw p-value) for the homogenate samples 
with antibiotics. (Figs. 2–5 and Spp.Tables 2–5).

This analysis identifies metabolic pathways significantly impacted 
by intranasal administration of E. coli Nissle (EcN) in homogenate 
samples without prior antibiotic treatment. Pathways showing signifi
cant enrichment (raw p-value < 0.05) include Spermidine and Spermine 
Biosynthesis, Methionine Metabolism, Glycine and Serine Metabolism, 

Fig. 2. Pathway enrichment analysis of homogenate samples comparing EcN 
vs PBS.

Fig. 3. Pathway enrichment analysis of tissue samples comparing EcN vs PBS.

Fig. 4. Pathway enrichment analysis of homogenate samples comparing ABT 
EcN vs ABT PBS.
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Arginine and Proline Metabolism, D-Arginine and D-Ornithine Meta
bolism, Tryptophan Metabolism, Betaine Metabolism, Oxidation of 
Branched Chain Fatty Acids, and the Urea Cycle. Additional pathways 
uniquely affected in this comparison include Alanine Metabolism, 
Glutathione Metabolism, Ammonia Recycling, Porphyrin Metabolism, 
Glutamate Metabolism, Carnitine Synthesis, Bile Acid Biosynthesis, and 
Purine Metabolism, highlighting microbial modulation of a broader 
metabolic network in the absence of antibiotic-induced microbiome 
depletion.

Enrichment analysis of tumor tissue samples from mice treated with 
intranasal EcN compared to PBS shows significant metabolic alterations 
primarily in Oxidation of Branched Chain Fatty Acids, Urea Cycle, Beta 
Oxidation of Very Long Chain Fatty Acids, and Arginine and Proline 
Metabolism. Tryptophan Metabolism and Beta-Alanine Metabolism also 
show significance (raw p-value < 0.05) specifically in this non-antibiotic 
group, suggesting localized microbial effects on amino acid and lipid 
metabolism within tumor tissues.

This figure depicts metabolic pathway changes in homogenate 
samples from antibiotic-treated mice following EcN administration. 
Pathways significantly enriched (raw p-value < 0.05) include those also 
seen in the non-antibiotic group—Spermidine and Spermine Biosyn
thesis, Methionine Metabolism, Glycine and Serine Metabolism, Argi
nine and Proline Metabolism, D-Arginine and D-Ornithine Metabolism, 
Tryptophan Metabolism, Betaine Metabolism, Oxidation of Branched 
Chain Fatty Acids, and Urea Cycle—suggesting a core microbiota- 
independent response. Uniquely enriched pathways in the antibiotic 
group include Thyroid Hormone Synthesis, Catecholamine Biosynthesis, 
Tyrosine Metabolism, Valine, Leucine and Isoleucine Degradation, 
Phenylalanine and Tyrosine Metabolism, and Propanoate Metabolism, 
indicating antibiotic pre-treatment may unmask distinct host-microbial 
metabolic interactions.

In tumor tissue from antibiotic-treated mice, EcN administration led 
to significant enrichment in Oxidation of Branched Chain Fatty Acids, 
Urea Cycle, Beta Oxidation of Very Long Chain Fatty Acids, and Arginine 

and Proline Metabolism—mirroring the non-antibiotic tissue profile. 
However, pathways such as Tryptophan Metabolism and Beta-Alanine 
Metabolism, which were significant without antibiotics, do not reach 
significance here. These findings suggest that while certain EcN-induced 
metabolic shifts persist regardless of microbiota status, others may 
depend on the presence of a complex endogenous microbiome.

To narrow down the effects of the EcN treatment (with and without 
added antibiotics), Volcano plots were calculated. When only adding 
EcN to the cells – when compared to PBS as control – Carnosine, 
Kyneurine and the ratios of Putrescine divided by Ornithine and 
Kyneurine divided by Tryptophan are downregulated by fold changes 
(EcN vs PBS direction, Fig. 6 and Supp.Table 6).

When comparing the differences in metabolite concetrations of 
tumor cell homogenates or the tissue samples themselves, which have 
been respectively treated with a combination of antibiotic and EcN or a 
combination of PBS and an antibiotic, the following changes can be 
observed for tissue and homogenate samples respectively:

4. Discussion

Despite the advancements made in the diagnosis and treatment of 
advanced cancers, the overall outcomes for patient treatment have not 
significantly improved in recent years. Consequently, it is essential to 
develop new therapies that may also function synergistically alongside 
conventional treatments.

Escherichia coli Nissle 1917 (EcN) has emerged as a promising plat
form for bacterium-mediated cancer therapy, functioning as a “living 
drug” capable of modulating tumor metabolism and immune responses. 
Its favorable safety profile, tumor selectivity, and amenability to genetic 
engineering confer substantial translational potential. In preclinical 
syngeneic and xenograft models, including 4T1 breast, MC38 colon, and 
LLC lung tumors, engineered EcN strains have reduced tumor burden by 
30–80 %, primarily through arginine pathway modulation, with high 
tumor colonization rates (>90 %) and persistence for up to two weeks. 
EcN’s Generally Recognized as Safe (GRAS) status, lack of virulence 
factors, and tolerability following intravenous or intranasal adminis
tration further support its clinical viability. Advances in synthetic 
biology, including CRISPR-based manipulation of arginine metabolism, 
enhance its therapeutic precision and manufacturability. Moreover, 
ASS1-deficient tumors—comprising approximately 30–50 % of solid 
cancers—represent a biomarker-defined subgroup potentially respon
sive to EcN-based interventions, which can be monitored through im
aging and metabolomic profiling. By enabling localized and sustained 
arginine modulation, EcN may complement systemic depletion thera
pies such as ADI-PEG20 and pegylated arginase, overcoming their lim
itations of short half-life and immune resistance. Collectively, these 
attributes position EcN as a next-generation metabolic biotherapeutic 
with strong translational promise, now progressing toward phase I 
clinical evaluation [26–28].

In the previous studies, it was reported that EcN exerts its antitumor 
effects through a multifaceted reprogramming of arginine metabolism 
within the tumor microenvironment (TME), enabled by its facultative 
anaerobic nature and preferential colonization of hypoxic tumor re
gions. This selective tumor tropism, established in multiple preclinical 
models, reflects EcN’s capacity to adapt metabolically to nutrient- 
deprived and acidic tumor milieus enriched in lactate and ammonia, 
facilitating sustained intratumoral persistence without significant off- 
target colonization. In addition, EcN acts as a dynamic metabolic 
modulator rather than a passive colonizer. In its depletion mode, EcN 
consumes arginine and related metabolites through arginase-like activ
ity and substrate competition, perturbing the urea cycle and polyamine 
synthesis—key anabolic pathways supporting tumor proliferation. 
These shifts are reflected in elevated ADMA/arginine and putrescine/ 
ornithine ratios, consistent with a state of metabolic stress and disrupted 
protein synthesis in ASS1-deficient tumors. In contrast, engineered EcN 
strains can redirect nitrogen flux toward arginine biosynthesis, recycling 

Fig. 5. Pathway enrichment analysis of tissue samples comparing ABT EcN vs 
ABT PBS.
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tumor-derived ammonia via urea cycle enzymes to locally restore argi
nine levels. This metabolic repletion enhances T-cell receptor signaling 
through CD3ζ phosphorylation and attenuates the suppressive activity 
of myeloid-derived suppressor cells, effectively coupling metabolic 
remodeling with immune activation. Beyond arginine metabolism, EcN 
also influences interconnected pathways such as arginine–proline 
cycling and tryptophan catabolism, resulting in reduced kynurenine 
accumulation and a dampened inflammatory phenotype. Together, 
these findings position EcN as a mechanistically versatile “metabolic 
switch” within the TME—capable of either depriving tumors of essential 
metabolites or restoring them to promote antitumor immunity
—underscoring its translational potential as a precision-engineered 
microbial therapeutic [16,25,28]

In this study, antibiotic-induced microbiome depletion and intra
nasal EcN administration were employed as complementary preclinical 
models to probe the host–microbe–tumor axis. While these approaches 
are not mechanistically connected, their side-by-side application en
ables differentiation between metabolic effects arising from endogenous 
microbial communities and those driven by an exogenously introduced 

probiotic strain. Microbiome depletion establishes a host baseline 
largely independent of commensal influence, whereas EcN treatment 
introduces a defined bacterial stimulus capable of modulating tumor 
metabolism through systemic or immune-mediated pathways. This 
comparative framework, although exploratory, provides valuable 
insight into how microbial perturbations—either through loss of the 
native gut flora or targeted bacterial exposure—can reshape tumor 
metabolic networks and potentially inform bacterium-mediated cancer 
therapies.

In our experimental design, the intranasal route was selected for E. 
coli Nissle (EcN) administration to optimize systemic delivery and 
reduce potential confounding factors associated with oral dosing. 
Intranasal application enables EcN to access the respiratory tract and 
potentially enter systemic circulation more rapidly than oral adminis
tration, facilitating direct interaction with the host immune system and 
tumor microenvironment while bypassing extensive gut colonization 
and immune filtering. This approach was particularly important for 
distinguishing the systemic metabolic effects of EcN from those arising 
due to gut microbiota modulation. By minimizing gastrointestinal 

Fig. 6. Volcano plot of EcN vs PBS treatment of cancer cells with apparent status of “down” for Carnosine, Kyneurine and the ratios of Putrescine divided by 
Ornithine and Kyneurine divided by Tryptophan.

Fig. 7. Volcano plot of a combination of antibiotic and EcN vs a combination of antibiotic and PBS treatment of cancer cells with apparent status of “down” for 
Carnosine and sugars (H1) and “up” for ratios of ADMA divided by Arginine and Ornithine divided by Arginine.
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involvement, we ensured that observed metabolic changes could be 
attributed primarily to EcN’s systemic influence rather than secondary 
effects of intestinal colonization or microbiome reshaping. Additionally, 
intranasal delivery provides controlled and reproducible bacterial 
exposure, avoiding degradation by gastric acid or digestive enzymes that 
can occur during oral delivery. Thus, the intranasal route served as a 
proof-of-concept for a non-oral, microbiome-based therapeutic 
approach, allowing us to assess EcN’s capacity to modulate tumor 
metabolism in a preclinical translational context [28,36]

Arginine depletion is a well-supported potential therapeutic strategy 
for cancer, grounded in the metabolomic vulnerabilities of many tumors 
and their established ties to core cancer biology principles such as 
metabolic reprogramming, auxotrophy, and immune modulation. I 
analysed 10 studies (including preclinical models, phase I-III trials, and 
systematic reviews) across cancers like melanoma, hepatocellular car
cinoma (HCC), prostate, mesothelioma, and others, highlighting how 
arginine depletion exploits these links.

Arginine depletion represents a promising therapeutic avenue in 
oncology, leveraging fundamental metabolic vulnerabilities rooted in 
cancer biology. Many tumors display arginine auxotrophy due to the 
silencing or reduced expression of argininosuccinate synthetase 1 
(ASS1), a key enzyme in the urea cycle required for de novo arginine 
synthesis. This deficiency renders tumor cells dependent on extracellular 
arginine, and its depletion disrupts essential biosynthetic and signaling 
pathways—including protein synthesis, nitric oxide, and polyamine 
metabolism—integral to tumor proliferation, metabolic reprogram
ming, and mTOR activation. Epigenetic suppression of ASS1, observed 
in a high proportion of melanomas, mesotheliomas, and hepatocellular 
carcinomas, further amplifies this vulnerability. Evidence from pre
clinical models and clinical trials (phases I–III) supports that arginine 
deprivation not only induces tumor cell apoptosis, autophagy, and 
senescence but also reshapes the tumor microenvironment by inhibiting 
angiogenesis and enhancing immune responsiveness, such as increasing 
T-cell infiltration and reducing myeloid-derived suppressor cells. 
Moreover, ASS1 expression has emerged as a reliable biomarker for 
treatment response, with low ASS1 levels correlating with objective 
response rates of 25–47 % in early-phase studies. Collectively, these 
findings underscore the translational potential of arginine depletion as a 
metabolically targeted, biomarker-driven strategy that aligns with 
contemporary principles of precision oncology [37–41]

In this metabolomics study we compared metabolite profiles in 
cancer tissues of 4T1 syngeneic tumor bearing mice after temporal 
antibiotic-induced depletion of the gut microbiome and/ or intranasal 
Escherichia coli Nissle 1917 (EcN) treatments. In general, the role of gut 
bacteria in modulating the anticancer response is a controversial topic 
[30]. However, it is known that several different gut bacteria positively 
influence tumor treatment, but no studies have identified the corre
sponding mechanism until now. Interestingly, after depletion of the gut 
microbiome by antibiotics, both antitumoral and protumoral activity 
have been described [32–35,42,43].

Our results demonstrated wide variation in metabolomics and 
pathways in tumors of four different treated groups (ABT EcN, EcN, ABT 
PBS, PBS). Both tissue or homogenate samples (with or without antibi
otics) enrichment analyzes have shown that the EcN groups (ABT EcN, 
EcN) have the most changed metabolites and pathways compared to PBS 
control groups (ABT PBS, PBS). In addition, the homogenate samples 
show also a rather similar pattern, however there are some more dif
ferences between the pathway analyses of the antibiotic and non- 
antibiotic groups. The Spermidine and Spermine Biosynthesis, Methio
nine Metabolism, Glycine and Serine Metabolism, Arginine and Proline 
Metabolism, D-Arginine and D-Ornithine Metabolism, Tryptophan 
Metabolism, Betaine Metabolism, Oxidation of Branched Chain Fatty 
Acids and Urea Cycle are similarly found to be significantly affected in 
both groups by their raw p-value. However Alanine Metabolism, 
Glutathione Metabolism, Ammonia Recycling, Porphyrin Metabolism, 
Glutamate Metabolism, Carnitine Synthesis, Bile Acid Biosynthesis and 

Purine Metabolism are only found to be below 0.05 in the raw p-value in 
the homogenate samples without antibiotic, whereas Thyroid hormone 
synthesis, Catecholamine Biosynthesis, Tyrosine Metabolism, Valine, 
Leucine and Isoleucine Degradation, Phenylalanine and Tyrosine 
Metabolism and Propanoate Metabolism are exclusively below 0.05 
(raw p-value) for the homogenate samples with antibiotics.

For pairings of ABT EcN vs ABT PBS and EcN vs PBS, we found sta
tistically significant metabolite changes in the Oxidation of Branched 
Chain Fatty Acids, Urea Cycle, Beta Oxidation of Very Long Chain Fatty 
Acids, Arginine and Proline Metabolism in the tissue tumor samples 
(Table1). The Tryptophan Metabolism and the Beta-Alanine Metabolism 
show a raw p-value of < 0.05 in the tissue samples without antibiotics 
only.

previous studies investigated the potential effects of branched-chain 
fatty acids (BCFAs) and their oxidation on cancer. A 2018 study from 
[44] found that the BCFA isovaleryl-CoA promotes the growth of breast 
cancer cells by activating a signalling pathway involved in cell prolif
eration and survival, whereas a comparative study from 2004 has shown 
that some BCFAs have the exact opposite mode of action: they are 
cytotoxic to breast cancer cells [45]

Arginine is an amino acid that plays a crucial role in cellular meta
bolism and growth. Deprivation of arginine has been investigated as a 
potential therapeutic strategy for cancer treatment [46,47].

One early example of an argininase deprivation therapy is pegylated 
arginine deiminasepegylated recombinant human arginase 1 (Peg- 
rhArg1), which is a modified enzyme that degrades arginine and was 
evaluated in clinical trials for the treatment of hepatocellular carcinoma 
[46].

5. Conclusion

Overall, arginine deprivation is an active area of research in the field 
of cancer therapy. If Arginine depletion in cancer cells can be induced by 
a combination of EcN mixed with an antibiotic, it could indeed be a 
promising new avenue as a potential therapeutic strategy for the future.
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