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Background & aims: Acute myeloid leukaemia (AML) chemotherapy has been reported to impact gut
microbiota composition. In this study, we investigated using a multi -omics strategy the changes in the
gut microbiome induced by AML intense therapy and their association with gut barrier function and
cachectic hallmarks.
Methods: 10 AML patients, allocated to standard induction chemotherapy (SIC), were recruited. Samples
and data were collected before any therapeutic intervention (T0), at the end of the SIC (T1) and at
discharge (T4). Gut microbiota composition and function, markers of inflammation, metabolism, gut
barrier function and cachexia, as well as faecal, blood and urine metabolomes were assessed.
Results: AML patients demonstrated decreased appetite, weight loss and muscle wasting during hospi-
talization, with an incidence of cachexia of 50%. AML intensive treatment transiently impaired the gut
barrier function and led to a long-lasting change of gut microbiota composition characterized by an
important loss of diversity. Lactobacillaceae and Campylobacter concisus were increased at T1 while
Enterococcus faecium and Staphylococcus were increased at T4. Metabolomics analyses revealed a
reduction in urinary hippurate and faecal bacterial amino acid metabolites (bAAm) (2-methylbutyrate,
isovalerate, phenylacetate). Integration using DIABLO revealed a deep interconnection between all the
datasets. Importantly, we identified bacteria which disappearance was associated with impaired gut
barrier function (Odoribacter splanchnicus) and body weight loss (Gemmiger formicilis), suggesting these
bacteria as actionable targets.
Conclusion: AML intensive therapy transiently impairs the gut barrier function while inducing enduring
alterations in the composition and metabolic activity of the gut microbiota that associate with body
weight loss.
Trial registration: NCT03881826, https://clinicaltrials.gov/ct2/show/NCT03881826.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
* Corresponding author. Metabolism and Nutrition Research Group, Louvain Drug Research Institute, UCLouvain, Universit�e catholique de Louvain, avenue E. Mounier box
indels).
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1. Introduction

Acute myeloid leukaemia (AML) is a clonal disorder of the he-
matopoietic stem cells resulting in impaired production of the
myeloid blood cell lineage [1]. Standard treatment for fit AML pa-
tients (<65 years) is intensive induction chemotherapy followed by
a consolidation chemotherapy and an allogeneic hematopoietic
stem cell transplantation (HSCT) following the risk of relapse. The
standard induction chemotherapy (SIC) is a combination of 7 days
of cytarabine and 3 days of anthracycline such as idarubicin or
daunorubicin (7 þ 3 regimen), with a 70e80% initial complete
remission rate [2,3]. This treatment induces a prolonged aplasia
associated with infections, leading to multiple and extended
exposure to antibiotics. Altogether, patients undergoing AML
intensive treatment are exposed to a combination of chemothera-
peutic and antibiotic drugs. The impact of such intensive treatment
on the microbiota and its ensuing consequences has raised interest.
Several studies looked at the gut microbiota alterations caused by
SIC [4e6] while others focused on the role of the impaired gut
microbiota in neutropenic fever [7e9] and graft-versus-host dis-
ease development [10e12].

The combination of cytotoxic and antibiotic therapy also deeply
impacts intestinal homeostasis. Indeed, cytotoxic therapies
(including those used in AML) have been shown to impair gut
barrier integrity [13,14]. In addition, antibiotics disrupt the gut
microbiota, resulting in a loss of microbial diversity [6,15]. This will
in turn impair the microbiome-mediated colonization resistance
and lead to an overgrowth of pathobionts enriched in antibiotic
resistance genes [16]. Bacterial translocation is facilitated, and the
risk of bloodstream infection increases [17]. Another consequence
of such therapy is the persistent reduction in some beneficial
bacterial species, like Faecalibacterium prausnitzii and Bifidobacte-
rium spp., even after the completion of chemotherapy [4]. Recent
data have shown the long-lasting effect of AML treatments sug-
gesting that the gut microbiota of AML patients is still altered 6
months after therapy [18].

The impact of intensive AML therapy is not limited to the gut
microbiota and the intestinal homeostasis. SIC may alter body
composition, and particularly the muscle compartment. Body
weight, and skeletal muscle mass in particular, emerges as an
important prognostic factor for survival [19e21]. Weight loss is a
central aspect of cachexia pathophysiology which is related to an
increase in pro-inflammatory cytokines. In cancer patients with
cachexia, (interleukin 6) IL6, (tumor necrosis factor-alpha) TNF-a
and to a lesser extent (interleukin 8) IL8 are increased compared to
in healthy individuals but only IL6 is increased compared to cancer
patients without cachexia [22]. Although cachexia affects 40% of
the patients with hematological cancer [23] and is often witnessed
in clinics, studies focusing on AML therapy-related cachexia are
scarce [24]. Since we have previously demonstrated that counter-
acting gut microbiota alterations using rationally selected pre- and
probiotics was able to improve cachectic features in leukemic mice
[25e27], we aimed to explore the associations between gut
microbiome alterations and cachectic features in AML patients
using a multi -omics approach.

Multi -omics analyses can assess different but related aspects of
pathogenesis which are often causally linked [28]. Importantly,
knowledge obtained from longitudinal multi -omics studies facil-
itate the generation of testable hypotheses for subsequent pre-
clinical investigation and therapeutic trials [28,29]. Therefore, to
get a deeper knowledge on the impact of the AML intensive
treatment on the gut microbiota of AML patients and their links to
cachectic hallmarks and gut barrier function, we applied such
multi -omics integrative approach on a deeply characterised
exploratory cohort.
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2. Methods

2.1. Subjects

10 patients newly diagnosed with AML were recruited between
December 2015 and December 2019 among two Belgian University
hospitals (Saint-Luc Brussels (n ¼ 3), UZ Leuven (n ¼ 7)). The in-
clusion criteria were as follows: (i) a diagnosis of AML and related
precursor neoplasms according to WHO 2008 classification
(excluding acute promyelocytic leukaemia) including secondary
AML (after an antecedent haematological disease (e.g. MDS) and
therapy-related AML) OR acute leukaemia's of ambiguous lineage
according to WHO 2008 OR a diagnosis of refractory anaemia with
excess of blasts (MDS REAB) 2 and IPSS (International Prognostic
Scoring System)-R score > 2; (ii) treatment combining aracytine
(cytarabine 200 mg/m2 for 7 days) and an anthracycline (idarubicin
12 mg/m2 or daunorubicin 45 mg/m2 for 3 days) according to the
conventional 7 þ 3 regimen; (iii) World Health Organization per-
formance status 0, 1 or 2; (iv) sampled bone marrow and/blood
cells at diagnosis with molecular analysis; (v) written informed
consent; (v) good command of the French or Dutch language.
Exclusion criteria were as follows: age below 18 or above 75 years,
pregnancy, antibiotics consumption within the last 30 days, recent
chemotherapy (<3months), with exclusion of hydroxyurea, obesity
(BMI > 30), any history of chronic intestinal affections (Crohn dis-
ease, inflammatory bowel disease, gluten intolerance), gastric
bypass, ongoing treatment with antidiabetic or hypoglycaemic
drugs. This study was approved by the “Comit�e d’�ethique
Hospitalo-facultaire des Cliniques Universitaires Saint-Luc”
(B403201317128, NCT03881826) and all participants provided
written informed consent. A full description of the study design is
provided in the Supporting Information.

2.2. Sample and data collection

All biological sampling and data collection were performed at
the time of diagnosis, before the beginning of the chemotherapy
treatment and the administration of any antibiotics (T0), the first
working day after the end of chemotherapy (T1) and the day of
discharge (i.e. T4, on average 4 weeks after T0) (Fig. 1A, Fig. S1).

Case report forms were collected with medical history, oral and
gastrointestinal adverse events, drug records including consump-
tion of prebiotics, probiotics and antibiotics, as well as lab assess-
ment of haemoglobin,WBCC, C-reactive protein (CRP), albumin and
glycaemia levels. Body composition and muscle strength were
assessed by bioimpedancemetry and a Jamar hand dynamometer,
respectively. Appetite was evaluated using the simplified nutri-
tional assessment questionnaire (SNAQ) [30]. Full details on the
questionnaire and sample management are provided in the Sup-
porting Information.

2.3. Biochemical analyses

Citrulline was measured in plasma (EDTA) using ion exchange
chromatography as described in Neveux et al. [31]. Plasma cyto-
kines and hormones were measured using a customized U-plex kit
and a Meso Scale Discovery microplate reader (Meso Scale Dis-
covery, USA). LBP levels were assessed using an ELISA kit (Hycult-
Biotech, PA, USA). Full list and details on these procedures are
provided in the Supporting Information.

2.4. Gut microbiome analyses

DNA was extracted from stools following the protocol Q [32].
This protocol uses the QIAamp DNA Stool Mini Kit (Qiagen,
ocial Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
ión. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



Fig. 1. Bodyweight, muscle strength and appetite evolution through chemotherapy. A) Timeline presentation of the experimental design. B) Body mass index (BMI). C) Fat mass. D)
Muscle mass. E) Muscle strength. F) Results of the SNAQ score in %. Anorexia is attributed to scores � 14. Fisher's test: p-value < 0.05. G) Percentage of weight loss between diagnosis
and discharge. H) Cachectic patients in % according to Fearon's definition. B-E are normally distributed data and expressed as mean (standard deviation) and tested with a fixed-
effect analysis (Tukey's post-tests). Groups with different superscript letters are significantly different.
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Table 1
Baseline characteristics of study participants and antimicrobial drugs administered
during the hospitalization.a

characteristics Patients

Age, y 53.6 (13.8)
Sex, %
Female 50
Male 50

Bmi, kg/m2 25.4 (3.8)
Lean mass, % 70.4 (9.3)
Fat mass, % 25.9 (9.8)
Smoker, % 20
Antibiotics during induction phase (T0-T1), % 90
Meropenem 30
Piperacillin þ tazobactam 10
Levofloxacin 60

Antifungal medications during induction phase
(T0-T1), %

100

Fluconazole 90
Posaconazole 10
Miconazole 10
Caspofungin 10

Antiviral medications during induction phase (T0-T1), % 20
Acyclovir 20

Antibiotics between the end of chemotherapy and
discharge (T1-T4), %

100

Meropenem 80
Piperacillin þ tazobactam 10
Levofloxacin 50
Cerufoxime 10
Vancomycin 20

Antifungal medications between the end of
chemotherapy and discharge (T1-T4), %

90

Fluconazole 80
Caspofungin 20

Antiviral medications between the end of
chemotherapy and discharge (T1-T4), %

20

Acyclovir 20

a Variables that are normally distributed are expressed as mean (standard devi-
ation). Frequency distributions are expressed as percentage.
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Germany) and includes a bead-beating step. The DNAwas analysed
using 16S rRNA gene sequencing and shotgun sequencing.
Sequencing procedures, as well as bioinformatics and biostatistics
analyses are detailed in the Supporting Information. Raw sequences
can be found in the SRA database (projects ID: PRJNA813705 (T0)
and PRJNA875377 (T1-T4)).

2.5. 1H-NMR metabolomics analyses

Faecal, blood and urine samples were prepared in adequate
phosphate buffer (pH ¼ 7) with trimethylsilylpropanoic acid (TSP)
as standard. NMR was performed on a Bruker Avance 600 MHz
NMR spectrometer equipped with a cryoprobe. They were further
processed using MestReNova (v14.2) and analysed as previously
described [33]. Metabolites were assigned using the ChenomxNMR
Suite (v8.43), the Bruker B-BIOREFCODE database (Amix software
v3.9.15), the HMDB [34] and additional 2D NMR experiments on
selected representative samples. The ChenomxNMR Suitewas used
to perform a relative quantification of the concentration of identi-
fied metabolites. Full details on these procedures are provided in
the Supporting Information.

2.6. Statistical analyses

For continuous variables, normality was assessed using d’Ag-
ostino and Pearson omnibus normality test. If normality was not
respected in one group, the non-parametric Friedman test was
used. When p-value < 0.05, Dunn's post-tests were performed. If
normality was respected, a mixed-effects analysis was performed.
When p-value < 0.05, Tukey's post-tests were performed. Coher-
ently, normal variables are presented as mean with standard de-
viation (SD) whereas non-normal variables are presented as
median with interquartile range (IQR). For categorical variables, a
Fisher test was performed. For all -omics data, normality was not
assessed, and Friedman tests were therefore used with Dunn's
post-tests when appropriate. When needed, a correction for FDR
was applied [35]. To determine the different profiles in the changes
observed for all metabolites over time, we used the Mfuzz R pack-
age implementing C-means clustering [36]. To integrate the
different data collected, we used DIABLO: Data Integration Analysis
for Biomarker discovery using Latent cOmponents [37], part of the
mixOmics R package [38]. Spearman correlations were performed to
answer specific questions such as the correlation between the level
of Odoribacter splanchnicus and the change in LBP and citrulline
levels between T1 and T0. P < 0.05 was considered statistically
significant. Statistical analyses were performed using GraphPad
Prism 8.0.1 and R. Full details concerning statistical analyses are
provided in the Supporting Information.

3. Results

Ten patients consecutively diagnosedwith AML andmeeting the
inclusion criteriawere prospectively recruited. At three time points,
namely before any therapeutic intervention, at the end of the SIC
and before discharge, we collected biological samples and clinical
data (Fig. 1A, Fig. S1). General characteristics of the patients are
presented in Table 1, with a description of their medication in
Table S1. Body mass index (BMI) and muscle mass were signifi-
cantly decreased at T4 whereas fat mass and muscle strength were
not altered (Fig. 1B-E). After chemotherapy (T1 and T4), half of the
patients were at risk for anorexia according to the SNAQ ques-
tionnaire and all of them had lost weight at the time of discharge
(Fig.1F-G). According to Fearon's definition [39], half of the patients
were cachectic at discharge (T4) (Fig. 1H).
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Various metabolic and inflammatory markers were measured
(Table S2). After chemotherapy, AML patients displayed a decrease
in haemoglobin and white blood cell count (WBCC), characteristic
of the treatment. Levels of C-reactive protein (CRP), IL6, IL8 and
monocyte chemoattractant protein 1 (MCP1) reflected a higher
inflammatory status at T1 which was reduced at discharge. To
better understand the biological drivers of anorexia, two key
appetite regulators, ghrelin and the growth differentiation factor 15
(GDF15), were measured in the serum of the patients (Fig. 2A). The
increase at T1 was significant for GDF15. GDF15 has been shown to
mediate platinum-based chemotherapy-induced anorexia and
body weight loss in mice and nonhuman primates [40] and its
production is induced in mononuclear cells exposed to cytarabine
[41], raising the likelihood that GDF15 may also contribute to IC-
induced anorexia. The fibroblast growth factor 21 (FGF21) is an
emerging target in cancer cachexia as this hormone can induce
muscle loss [42] and was therefore also measured. FGF21 was
reduced by 5-fold at T1 (Table S2), excluding the implication of
FGF21 in the treatment-induced muscle loss. In addition, plasma
levels of citrulline, a non-proteinogenic amino acid (AA) reflecting
functional enterocyte mass [43], was significantly decreased at T1
and restored at T4, while the level of the lipopolysaccharide-
binding protein (LBP) showed an inverse profile (Fig. 2B, Fig. S2).

3.1. Impact of AML intensive treatment on gut microbiota
composition

Patients received several drugs during their hospital stay,
including anti-microbial drugs to prevent and/or treat infections, as
ocial Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
ión. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



Fig. 2. Evolution of metabolic markers through chemotherapy. A) Markers linked to appetite regulation: ghrelin and growth differentiation factor 15 (GDF15). B) Markers linked to
gut barrier: citrulline and lipopolysaccharide binding protein (LBP). Citrulline results presented here were obtained using a targeted MS-based assay. A are non-normally distributed
data and expressed as median (interquartile range) and tested with a Friedman test (Dunn's post-tests). B are normally distributed data and expressed as mean (standard deviation)
and tested with a fixed-effect analysis (Tukey's post-tests). LBP is statistically significantly affected after a fixed-effect analysis but no differences between timepoints were detected
by the Tukey's post-tests. Groups with different superscript letters are significantly different.
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appropriate (Table S3). 9 patients were administered antibiotics
and all of them received antifungal medications during the week of
the SIC. However, the nature of the antibiotics and antifungal
medications were variable from one patient to another (Table 1).
Despite the prolonged use of antibiotics in 9 patients out of 10,
faecal bacterial load was not significantly affected at T1 and T4
(Fig. 3A). Six a-diversity indexes were evaluated and showed the
same trend towards reduction at T1 and T4. Significance was
reached for Shannon and Simpson indexes, which combine the
aspects of evenness and richness, as well as for Heip evenness and
the indexes reflecting richness, namely Chao1 and observed ASV.
Significance was not met by Simpson evenness index (Fig. 3B).
Changes in the gut microbiota compositionwere also visible both at
the genus and family levels (Figs. 4 and 5, Table S4). The gut
microbiota composition was shifted at T1 without a return to the
baseline situation at T4. Timing accounted respectively for 19.5%
and 17.8% of the variance in the dataset at the genus and family
levels. 17 families, 25 genera and 33 species were dramatically
changed in their relative abundance (q-value < 0.05) over the
timeframe of the hospitalization (Table S4). Among the 85 affected
taxa, 41 were not detected at T1 and 62 at T4. The only taxa that
were increased at T1 were the Lactobacillaceae family and
Campylobacter concisus while taxa such as Enterococcus faecium
(and parent genus and family) and Staphylococcus (and parent
family) were detected only at T4. As metagenomics also allows the
identification and quantification of bacterial enzymatic functions
encoded in the faecal bacterial DNA, we also analysed those func-
tions and found that 129 enzymatic functions were significantly
altered (q-value < 0.1) (Table S5) while no metagenomics pathways
(regrouping these functions) were found to be significantly affected
after correction for multiple testing.
2218
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Besides those changes in the composition and functional po-
tential of the gut microbiota, we also evaluated gastrointestinal
adverse events and found that the occurrence of diarrhoea was
higher at T1 compared to T0 and T4 (Fig. S3A, Table S2). Coherently,
faecal samples at T1 exhibited a higher water content (Fig. S3B).

3.2. Impact of AML intensive treatment on faecal, blood and urine
metabolites

Untargeted 1H-NMR metabolomics was used to analyse faecal,
blood and urine samples at all timepoints (T0, T1 and T4).

PCA on faecal metabolites reflected the heterogeneity and di-
versity of response at T1 and a partial return to baseline at T4
(Fig. 6A). PERMANOVA revealed that 16.4% of the variance in the
dataset is explained by the timing (p-value ¼ 0.01). Using C-means
clustering to regroup the metabolites by profiles, we found 5
clusters (Fig. 6B-C). All clusters except cluster 1 contained signifi-
cantly altered metabolites (Fig. 6C, Fig. S4, Table S6A). Clusters 2, 4
and 5 regrouped metabolites that tended to be much higher at T1
than T0 and T4. Among the significantly altered metabolites of
these clusters, the majority were AA. Cluster 3 groupedmetabolites
that tended to decrease at T1 and stay low at T4 in comparison to
T0. Within this cluster, 2-methylbutyrate, isovalerate and phenyl-
acetate, which are bacterial amino acid metabolites (bAAm) [44],
were decreased at T1 and T4.

Serum metabolomics also revealed major changes and a higher
heterogeneity in individual response to chemotherapy at T1 in
comparison to baseline. However, the PCA (Fig. 7A) shows that ~3
weeks after the end of chemotherapy (T4), the serum metabolome
came back closer to baseline than what was observed for the faecal
metabolome (Fig. 6A). Timing explained 10.5% of the variance in the
ocial Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
ión. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



Fig. 3. Total bacteria and a-diversity indexes through time. A) Total bacteria levels measured by qPCR. B) a-diversity indexes. Chao1 and observed ASV are indexes of richness, Heip
evenness and Simpson evenness are indexes of evenness while Shannon and Simpson are indexes combining the aspects of evenness and richness. Indexes that are normally
distributed are expressed as mean (standard deviation) and are tested using a mixed-effect analysis (Tukey's post-tests). Total bacteria and indexes that are non-normally
distributed are expressed as median (interquartile range) and are tested by a Friedman test (Dunn's post-tests). Groups with different superscript letters are significantly different.
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dataset (PERMANOVA, p-value ¼ 0.02). When using C-means clus-
tering to cluster the metabolites by similar profiles, we found 3
clusters (Fig. 7B-C). All clusters contained significantly altered me-
tabolites (Fig. 7C, Fig. S5, Table S6B).Metabolites in cluster 1 tended to
decreaseprogressively through timesuchas the significantly reduced
metabolites ornithine, myo-inositol, formate and dimethyl sulfone,
members of this group. Cluster 2 contained metabolites which were
mainly decreased at T1 and came back to similar levels as baseline at
T4 such as proline, citrulline, succinate and dimethylamine. Among
the significantly alteredmetabolites of cluster 3, 4 AA (valine, leucine,
tyrosine and tryptophan) were increased at T1 and reduced at T4.
2219
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Urine metabolites were less affected (only 3 metabolites sig-
nificant at q-value) (Table S6C, Fig. S6). PCA on urine metabolites
did not reveal a clear clustering on the different time points (PER-
MANOVA ns) (Fig. S7A). Differently from the 2 other compartments,
C-means clustering revealed an optimum of 9 clusters (Fig. S7C).
Clusters 2, 3, 5, 6, 7 and 9 were more similar to each other than
clusters 1, 4 and 8 according to the PCA on the centers of the
clusters (Fig. S7B). The 3 significantly changed metabolites, ace-
toacetate, hippurate and trimethylamine, were respectively mem-
bers of cluster 1, 6 and 8 and were all significantly reduced at T4
(Fig. S7C, Fig. S6).
ocial Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
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Fig. 4. Gut microbiota (genus level) evolution through inpatient stay. A) Principal component analysis (PCA) on all genera. PERMANOVA on the groups: R2: 17.8% (p-value ¼ 0.001).
B) Barplot with the 19 most abundant genera. Genera were tested with Friedman tests. *: q-value < 0.05.
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3.3. Specific bacterial changes occurring along AML intensive
therapy associate to phenotypic alterations

To get an overview of the links and associations that could occur
among the different datasets, we integrated the metabolomic and
phenotypic data with the gut microbiota data (species, genera and
diversity indices). As we aimed to gain insight from intra-individual
patterns of change over time and distinguish them from inter-
individual variations, we calculated the within-variance matrices
and used these matrices for the integration using DIABLO [37]. Such
analysis, when visualized as a circoplot, brought to light a deep
interconnection between the 6 datasets with both positive and
negative associations between the different datasets significant at
high cut-offs (r cut-off of 0.8 in Fig. 8, r cut-off of 0.7 in Fig. S8)
demonstrating the power of our experimental and statistical
design. The model generated by DIABLO was also explored through
a clustered image map (CIM) which is often used to explore high-
dimensional datasets. The CIM revealed a clear clustering by
2220
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timing (Fig. 9). T1 was particularly separated from T0 and T4. There
were also 3 clusters of variables. The top cluster grouped variables
being reduced at T1 in comparison to T0 with Clostridium dis-
poricum, O. splanchnicus (and parent genus), Intestinibacter bartlettii
(and parent genus), citrulline, urine hippurate and Shannon index.
The center cluster grouped variables that were mainly reduced at
T4 in comparison to T0 and T1 with Gemmiger formicillis, the BMI,
blood urea and urine urea. The bottom cluster concentrated vari-
ables that were mostly increased at T1 and T4 in comparison to T0
such as C. concisus (and parent genus), Lactobacillus and E. faecium
(and parent genus), CRP and IL8.

4. Discussion

In this study, we investigated the changes in the gut microbiome
induced by AML intense therapy and their association with gut
barrier function and cachectic hallmarks. We found deep alter-
ations in the gut microbiota composition and function, together
ocial Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
ión. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



Fig. 5. Gut microbiota (family level) evolution through inpatient stay. A) Principal component analysis (PCA) on all genera. PERMANOVA on the groups: R2: 19.5% (p-value ¼ 0.001).
B) Barplot with the 19 most abundant families. Families were tested with Friedman tests. *: q-value < 0.05.
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with gut barrier dysfunction, high levels of systemic inflammation,
muscle mass wasting, anorexia, and body weight loss after SIC
(Fig. 10). The incidence of cachexia (50%) was in accordance with
previous studies in the field [23].

We noticed major alterations of gut microbiota composition
during the inpatient stay coherent with previous reports [4e6].
Despite the broad use of antibiotics, there was no change in total
bacterial load in contrast to Hueso and colleagues' report [14]. Yet,
the reduction in a-diversity indexes and the differential abundance
analyses concurred to indicate a lasting loss of numerous bacterial
members at the benefit of a few others. This lack of change in
bacterial load can be explained by the spectrum of the different
antibiotics administered to the patients and the absence of com-
binations of antibiotics. In this study, by design, the effects of the
chemotherapy were not differentiable from the ones of the
2221
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antibiotics. Interestingly, daunorubicin has been shown to hamper
the growth of O. splanchnicus and several members of the Clos-
tridium genus [45], which were significantly decreased at T1 and T4
in our cohort, while members of the Lactobacillus and Enterococcus
genera, which have been shown to be unsensitive to daunorubicin
in vitro [46], were increased in our cohort.

C. concisus, an oral bacterium and opportunistic pathogen [47],
was detected in 6 out of 10 patients after SIC (T1) in our cohort.
Increased translocation of oral bacteria to the gut has been reported
in many other pathological contexts, including AML, inflammatory
bowel disease and liver cirrhosis (P€otgens et al., under consider-
ation) [48,49], and has been shown to promote intestinal inflam-
mation [48]. Interestingly, C. concisus is associated in the CIM to
inflammatory markers such as serum CRP and IL8. A causal link for
such association is supported by the observation that multiple
ocial Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
ión. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



Fig. 6. Faecal metabolomics evolution through inpatient stay. A) Principal component analysis (PCA) on all faecal metabolites. PERMANOVA on the groups: R2: 16.4% (p-
value ¼ 0.01). B) PCA on the centers of the clusters of metabolites generated through C-means clustering (Mfuzz). C) Medians for the metabolites of all clusters. Friedman test*: q-
value < 0.05.
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strains of C. concisus have been shown to induce the production of
IL8 in intestinal cells in vitro [50].

Lactobacillus and Enterococcus, especially E. faecium, were also
increased following SIC and selected by the integrative approach.
The increase in E. faecium is coherent with its antibiotic's resistance
2222
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capacity [51] and previous reports [5,7]. Lactobacillus increase is
less consistent: it did not occur in all patients of our cohort and was
also not reported in all previous studies in AML patients [4,14,52].
The occurrence of Lactobacillus is unlikely to confer a protective
effect on the gut barrier function since we noticed no correlation
ocial Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
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Fig. 7. Blood metabolomics evolution through inpatient stay. A) Principal component analysis (PCA) on all blood metabolites. PERMANOVA on the groups: R2: 10.5% (p-
value ¼ 0.02). B) PCA on the centers of the clusters of metabolites generated through C-means clustering (Mfuzz). C) Medians for the metabolites of all clusters. Friedman test *: q-
value < 0.05.
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Fig. 8. Linked variables between metabolites, genera and species, diversity indexes and clinical, metabolic and inflammatory markers. Circoplot with a r cutoff ¼ 0.8. Positive
associations are in red and negative ones in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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between Lactobacillus levels and gut barrier markers. The increase
in Lactobacillus observed under AML treatment could be the result
of its facultative anaerobe capacity and its ability to benefit from an
increase in oxygen in the gut [53], similar to what has been pre-
viously reported for Enterobacteriaceae [54].

I. bartlettii, O. splanchnicus and G. formicilis, three short-chain
fatty acid (SCFA) producers [55e58] were reduced after SIC.
Despite those changes, we did not observe a reduction in faecal
SCFA. However, faecal SCFA levels might not truly reflect SCFA
production considering the absorption and utilization of SCFA by
intestinal epithelial cells [59]. I. bartletti is known for its association
with metformin intake [60,61]. However, such explanation can be
dismissed as there was no change in such drug intake during the
inpatient stay. G. formicilis and O. splanchnicus have been previously
2224
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associated to a protective effect against pathogen infections such as
Clostridium difficile [62,63]. Their decrease is thus coherent with the
higher risk of hospitalized AML patient to develop an infection after
SIC. Noteworthy, G. formicilis is the only bacterium present in the
center cluster, which also includes the BMI, blood urea and urine
urea. The BMI is a key indicator of cachexia while we evidenced
reduction of urea as a sign of an altered AA metabolism in a pre-
clinical model of cancer cachexia [33]. G. formicilis is a poorly
explored bacterium; whether G. formicilis can affect host meta-
bolism and energy homeostasis, particularly in the context of
cancer cachexia, has never been investigated.

In a parallel study, we found a reduction of the gut barrier
function in AML patients at diagnosis compared to healthymatched
counterparts (P€otgens et al., under consideration). Here, we report
ocial Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
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Fig. 9. Linked variables between metabolites, genera and species, diversity indexes and clinical, metabolic and inflammatory markers. Clustered image map (CIM) with dendro-
grams indicating the similarity level among samples and selected variables. Blue lines in the variable dendrogram indicate the 3 clusters of variables described in the text of the
manuscript. Dataset origin is indicated by the color on the right side of the CIM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 10. Graphical abstract summarizing the most salient findings of the study “Gut microbiota alterations induced by intensive chemotherapy in acute myeloid leukaemia patients
are associated with gut barrier dysfunction and body weight loss”.
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that the AML intensive therapy further aggravates this parameter.
The gut microbiome and the gut barrier function maintain a close
relationship inwhich the alterations of one can drive a perturbation
of the other. Among the bacteria associated to citrulline, the only
one which was correlated to its reduction, reflecting gut barrier
damage, was O. splanchnicus (Fig. S9). Patients with higher levels of
O. splanchnicus at admission (T0) experienced a less intense gut
barrier damage. Interestingly, the administration of this species
was sufficient to confer resistance against colitis and colorectal
cancer in mice [64], supporting our hypothesis that this bacterium
may also play a protective effect in AML patients.

One of the main changes observed in the metabolomics results
is the important increase of AA in faeces at T1 and a reduction in
bAAm. Interestingly, AA levels were reduced at T4 while bAAm
levels were not restored. This suggests that although some me-
tabolites returned to their initial levels, the gut microbial activity
linked to those metabolites did not. A second example of such
reduced bacterial activity comes from the levels of urine hippurate,
which are reduced by 4-fold both at T1 and T4. Those data
demonstrate the long-lasting shift in the gut microbiota activity
due to SIC and associated treatments, complementing previous
reports highlighting an altered bacterial composition.

The originality of our study lies in the use of several -omics
analyses on the same patients at defined time points and the
exploitation of integrative approaches, to an extent not achieved so
far. Another strength of our design is the use of those data to gain
insight into common intra-individual patterns of change over time
and distinguish them from inter-individual variations attributed
among others to the unique features of one's gut microbiota. Our
study also presents several limitations. We used strict inclusion and
exclusion criteria to avoid the classical bias in the field of gut
microbiota studies and to ensure a uniform cohort, but this
2226
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inherently limited the number of patients included in the study and
might limit the generalization of the results. However, despite the
small size of this exploratory cohort, we were able to see major and
significant changes linked to AML intensive treatment that were
concordant with a comparable study [14], suggesting that the po-
wer of our study to detect keymicrobial changes andmetabolic and
inflammatory alterations was sufficient. The high number of asso-
ciations detected at a high cut-off level using DIABLO was also
indicative of a sufficient statistical power to address our explor-
atory objective. Those aspects reinforce the relevance of our study
and suggest the need for larger clinical studies in the field.

In conclusion, our study reveals that AML intensive therapy
transiently impairs the gut barrier function while inducing
enduring alterations in the composition and metabolic activity of
the gut microbiota. Such alterations are associated with cachectic
hallmarks such as body weight loss and inflammation. Importantly,
we identified bacteria whose disappearance was associated with
impaired gut barrier function (O. splanchnicus) and body weight
loss (G. formicilis), suggesting that these bacteria may represent
actionable targets to improve supportive care in AML patients.
These findings will be essential to guide clinically relevant future
mechanistic research aiming at eventually complementing AML
intensive treatment with microbiota-based therapeutic strategies.
Furthermore, microbiota profiling strategies based on these species
might also be helpful for risk stratification towards cachexia and
gut barrier dysfunction.
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