
www.aging-us.com 1336 AGING 

www.aging-us.com AGING 2024, Vol. 16, No. 2 

Research Paper 

Cisplatin and doxorubicin chemotherapy alters gut microbiota  
in a murine osteosarcoma model 
 

Zhi Tian1,2,*, Xiaochen Qiao1,2,5,*, Zhichao Wang3, Xiaoyan Li6, Yongchun Pan4, Xiaochun Wei1,2, 
Zhi Lv1,2, Pengcui Li1,2, Qiujing Du2,3, Wenhao Wei1,2, Lei Yan1,2, Song Chen1,2, Chaojian Xu1,2, 
Yi Feng1,2,*, Ruhao Zhou1,2,* 
 
1Second Clinical Medical College, Shanxi Medical University, Taiyuan, Shanxi 030001, P.R. China 
2Department of Orthopedics, The Second Hospital of Shanxi Medical University, Shanxi Key Laboratory of Bone 
and Soft Tissue Injury Repair, Taiyuan, Shanxi 030001, P.R. China 
3Third Hospital of Shanxi Medical University, Shanxi Bethune Hospital, Shanxi Academy of Medical Sciences, Tongji 
Shanxi Hospital, Taiyuan 030032, P.R. China 
4Department of Orthopedics, The Third People’s Hospital of Datong City, Datong, Shanxi 037006, P.R. China 
5Department of Orthopedics, JinZhong Hospital Affiliated to Shanxi Medical University, Jinzhong, Shanxi 030600, 
P.R. China 
6Shanxi Province Cancer Hospital, Shanxi Hospital Affiliated to Cancer Hospital, Chinese Academy of Medical 
Sciences, Cancer Hospital Affiliated to Shanxi Medical University, Taiyuan, Shanxi 030013, P.R. China 
*Equal contribution 
 
Correspondence to: Ruhao Zhou, Yi Feng; email: zhouruhao@sxmu.edu.cn; fengyi160@126.com, https://orcid.org/0000-
0002-6770-7399 
Keywords: osteosarcoma, gut microbiota, chemotherapy, animal model, 16S rRNA sequencing 
Received: August 11, 2023 Accepted: December 1, 2023 Published: January 16, 2024 

 
Copyright: © 2024 Tian et al. This is an open access article distributed under the terms of the Creative Commons Attribution 
License (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original 
author and source are credited. 

 

ABSTRACT 
 

The gut microbiota is closely associated with tumor progression and treatment in a variety of cancers. However, 
the alteration of the gut microbiota during the progression and chemotherapy of osteosarcoma remains poorly 
understood. This study aimed to explore the relationship between dysbiosis in the gut microbiota during 
osteosarcoma growth and chemotherapy treatment. We used BALB/c nude mice to establish osteosarcoma 
xenograft tumor models and administered cisplatin (CDDP) or doxorubicin (DOX) intraperitonially once every 2 
days for a total of 5 times to establish effective chemotherapy models. Fecal samples were collected and 
processed for 16S rRNA sequencing to analyze the composition of the gut microbiota. We observed that the 
abundances of Colidextribacter, Lachnospiraceae_NK4A136_group, Lachnospiraceae_UCG-010, Lachno-
spiraceae_UCG-006, and Lachnoclostridium decreased, and the abundances of Alloprevotella and Enterorhabdus 
increased in the osteosarcoma mouse model group compared to those in the control group. In addition, genera, 
such as Lachnoclostridium and Faecalibacterium were more abundant in chemotherapy-treated mice than those 
in saline-treated mice. Additionally, we observed that alterations in some genera, including Lachnoclostridium and 
Colidextribacter in the osteosarcoma animal model group returned to normal after CDDP or DOX treatment. 
Furthermore, the function of the gut microbiota was inferred through PICRUSt2 (Phylogenetic Investigation of 
Communities by Reconstruction of Unobserved States), which indicated that metabolism-related microbiota was 
highly enriched and significantly different in each group. These results indicate correlations between dysbiosis of 
the gut microbiota and osteosarcoma growth and chemotherapy treatment with CDDP or DOX and may provide 
novel avenues for the development of potential adjuvant therapies. 
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INTRODUCTION 
 

Osteosarcoma is the most common primary malignant 

solid tumor of the bone, accounting for approximately 

20% of the primary malignant bone tumors. 

Osteosarcoma, common among adolescents aged 10–25 

years, is known to have a high degree of malignancy 

and is prone to early lung metastasis [1]. Despite 

advances in chemotherapy and postoperative adjuvant 

therapy, the 5-year survival rate for metastatic and 

recurrent osteosarcoma is only 20% [2, 3]. 

 

Gut microbiota plays an important role in human health 

and disease. Cho and Costello suggest that the human 

microbiome consists of a variety of microorganisms, such 

as bacteria, fungi, archaea, protozoa, and viruses that 

inhabit the surface of the human epithelial barrier [4, 5]. 

Gut microbiota refers to the microbiota in the intestinal 

tract and consists of a variety of organisms with complex 

classifications. Gut microbiota is associated with host 

metabolism and immunity [6]. Recently, studies have 

found that the microbiome is closely associated with the 

occurrence and development of various cancers; for 

example, Helicobacter pylori is recognized by the World 

Health Organization as a type I carcinogen and is the 

strongest single risk factor for gastric cancer [7]. 

Additionally, the abundance of Faecalibacterium 

prausnitzii and Blautia sp. was correlated with the degree 

of breast cancer malignancy [8]. Gut microbiota has been 

shown to support cancer stem cell survival, proliferation, 

and promote intestinal tumor development in mice by 

activating the calcineurin- nuclear factor of activated T-

cells pathway [9]. Butyrate-producing bacteria in the gut 

ferment dietary fiber to produce butyrate, which 

suppresses colonic inflammation and carcinogenesis by 

activating Gpr109a [10]. However, the specific microbes 

associated with the occurrence and development of 

osteosarcoma remain unknown. 

 

Recently, the importance of gut microbiota in cancer 

treatment has become increasingly important [11–13]. 

Cyclophosphamide, a clinically important chemo-

therapeutic drugs, alters the composition of gut 

microbiota in mice, and these alterations help shape the 

anticancer immune response [14, 15]. Cisplatin (CDDP) 

and doxorubicin (DOX) are DNA-damaging cytotoxic 

agents that are first-line chemotherapeutic agents used 

to treat osteosarcoma [16]. Adjuvant chemotherapy 

following surgical resection of localized osteosarcoma 

has significantly improved the 5-year survival rate to 

60–70 percent [17]. We hypothesized that microbiota 

dysbiosis induced by chemotherapeutic agents may be 

one of the mechanisms underlying the antitumor effect 

of chemotherapy. However, CDDP- or DOX-induced 

alterations in the gut microbiota during osteosarcoma 

treatment have not been investigated. 

Consequently, we hypothesized that alterations in  

the gut microbiota are associated with osteosarcoma 

progression and chemotherapy. To verify this 

hypothesis, we evaluated changes in gut microbiota 

during osteosarcoma growth and after chemotherapy 

treatment with CDDP or DOX in mouse models by 

analyzing fecal 16S rRNA and examined the 

associations between progression and chemotherapy of 

osteosarcoma and gut microbiota in mice. Our results 

provide new insights into the progression and treatment 

of osteosarcoma. 

 

MATERIALS AND METHODS 
 

Research animals and Saos-2 cell line 

 

Four-week-old female BALB/c nude mice (n = 24) were 

purchased from Charles River Laboratory (Beijing, 

China). A well-controlled environment (24℃, 12 h 

light/dark cycles) was provided to all mice, and the 

animals had free access to food and drinking water. 

After adaptive feeding for one week, 24 mice were 

divided into four groups. The human osteosarcoma cell 

line, Saos-2 was obtained from the American Type 

Culture Collection (ATCC) and cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 

10% fetal bovine serum (FBS) in a humidified incubator 

with 5% CO2 at 37°C. 

 

Saos-2 transplantation and CDDP/DOX treatment 

 

After acclimatization for one week, each mouse was 

randomly assigned to one of the four groups: control 

group (group A), osteosarcoma model group (group B), 

CDDP-treated group (group C), and DOX-treated group 

(group D); n = 6 mice per group. In groups B, C, and D, 

mice were subcutaneously implanted with 1 × 106 Saos-

2 cells mixed with 200 μL Matrigel (Corning, NY, 

USA) into the back flank, as previously described [18, 

19]. Ten days after implantation, CDDP (Cat# HY-

17394, MedChemExpress, Monmouth Junction, NJ, 

USA) and DOX (Cat# HY-15142, MedChemExpress, 

Monmouth Junction, NJ, USA) were dissolved in 

normal saline solution at a final concentration of 0.3 

mg/mL. The CDDP-treated group C and DOX-treated 

group D were administered CDDP (3 mg/kg) or DOX 

(3 mg/kg) intraperitoneally once every 2 days for a total 

of 5 times, and groups A and B were administered equal 

volumes of normal saline (vehicle). 

 

Sample collection 

 

Forty-eight hours after the last drug treatment, fresh 

feces from each mouse were collected in sterile freezing 

tubes within 6 h. The feces samples were snap-frozen in 

liquid nitrogen before being transferred to a refrigerator 
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at −80°C for storage. All mice were humanely 

euthanized and the tumors were completely dissected 

and weighed. 

 

Immunohistochemistry 

 

The osteosarcoma tumor samples from mice were fixed 

with 10% formalin for 1 day, paraffin-embedded and 

sectioned at 4 μm thickness. The sections were 

dewaxed, rehydrated, blocked with 5% bovine serum 

albumin (BSA), and incubated with an anti-Ki67 

antibody (A2094, Abclonal, Wuhan, China) at 4°C for 

16 h. The sections were then washed three times with 

PBS, incubated with horseradish peroxidase-conjugated 

goat anti-mouse IgG (ZSGB-BIO, Beijing, China) at 

37°C for 1 h, and then counterstained with hematoxylin 

solution. The procedure described above has been 

described in a previous study [20]. The intensity of anti-

Ki67 staining was analyzed using a scanner control 

software (Pannoramic MIDI II, 3DHISTECH, 

Budapest, Hungary). 

 

DNA extraction and amplification 

 

Following the manufacturer’s instructions, bacterial 

DNA was extracted from fecal samples using the 

MagPure Soil DNA LQ Kit (Magen, Guangdong, 

China). The DNA concentration was measured using a 

NanoDrop 2000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, USA) and the DNA integrity 

was assessed using the agarose gel electrophoresis. 

Briefly, in a 25 μL reaction volume, universal primer 

pairs (343F:5′ TACGGRAGGCAGCAG 3′, 798R:5′ 

AGGGTATCTAATCCT 3′) were used to perform PCR 

amplification of the V3-V4 hypervariable regions of 

bacterial 16S rRNA genes. The reverse primer included 

a sample barcode and both primers were connected to 

an Illumina sequencing adapter. 

 

Library construction and 16S rRNA sequencing 

 

16S rRNA sequencing was performed as previously 

described [21]. Gel electrophoresis was used to visualize 

the quality of the amplicon. The PCR products were 

purified using Agencourt AMPure XP beads (Beckman 

Coulter Co., USA) and quantified using a Qubit dsDNA 

assay kit. The concentrations of the PCR products were 

adjusted for sequencing. Sequencing was performed 

using an Illumina NovaSeq6000 with two paired-end 

read cycles of 250 bases each (Illumina Inc., San Diego, 

CA; OE Biotech Company, Shanghai, China). 

 

Bioinformatic analysis 

 

Raw sequencing data were obtained in the FASTQ 

format. Paired-end reads were preprocessed using a 

Trimmomatic software [22] to detect and filter 

ambiguous bases (N). We used the sliding window 

trimming approach to filter low-quality sequences that 

scored below 20 on average. After trimming, the 

FLASH software [23] was used to assemble the paired-

end reads. Briefly, 10 bp of minimal overlap, 200 bp of 

maximum overlap, and 20% of the maximum mismatch 

rate were regarded as the assembly parameters. We 

performed further denoising on the sequence as follows: 

reads with ambiguous, homologous sequences, or less 

than 200 bp were discarded, and reads with a minimum 

of 75% bases above a quality score (Q) of 20 were 

preserved. The QIIME software [24] (version 1.8.0) was 

used to detect and remove chimeric reads. Based on 

similarity cutoffs of 97%, operational taxonomic units 

(OTUs) were generated using the Vsearch software [25] 

after primer sequence removal and clustering of clean 

reads. We used the QIIME package to select 

representative OTU reads. The Silva database Version 

138, RDP classifier, [26] was used to annotate all 

representative reads with a 70% confidence threshold. 

Alpha diversity, including the Shannon and Simpson 

indices, was employed to estimate the microbial 

diversity in the fecal samples. Euclidean principal 

coordinates analysis (PCoA) was performed based on 

the Euclidean distance matrix using the QIIME software. 

 

Statistical analysis 

 

Statistical analyses were performed using the IBM 

SPSS Statistics software (version 21.0). Data from the 

groups are expressed as mean ± standard error of the 

mean (SEM). The comparison of the means of two 

independent samples was analyzed using two-tailed 

Student’s t-test, and one-way ANOVA was used to 

compare inter-group of samples. Differences were 

considered statistically significant at P < 0.05. 

 

Availability of data and materials 

 

The raw sequence data generated in this study are 

available in the NCBI Sequence Read Archive 

(accession number PRJNA815947). 

 

RESULTS 
 

We conducted a study to compare the differences 

between the gut microbiota of mice model with 

osteosarcoma and mice in the control groups, subjected 

to chemotherapy agents and saline, using 16S rRNA 

gene sequencing. It was found that the diversity and 

composition of the microbiota differed significantly 

between the groups. Furthermore, the gut microbiota 

may affect the progression of osteosarcoma and 

response to chemotherapy in the mice with osteo-

sarcoma model through metabolic pathways. 
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Effects of CDDP and DOX on tumor inhibition in 

mice 

 

The experimental procedure used in this study is 

illustrated in Figure 1A. The tumor volume in the 

CDDP-treated group (C) and DOX-treated group (D) 

was significantly lesser than that in the model group (B) 

(Figure 1B). Moreover, and there was a significant 

difference in the tumor weight between the groups C, D, 

and B (****p < 0.001) (Figure 1C). Immunohisto-

chemistry showed that the expression of Ki67 was 

lower in groups C and D than that in group B 

 

 
 

Figure 1. CDDP and DOX inhibit the osteosarcoma tumor growth in mice. (A) Outline of the experimental procedure. (B) 

Photographs of osteosarcoma tumor xenografts. Saos-2 cells were injected into nude mice, which were then treated with normal saline, 
CDDP, or DOX. After 20 days, osteosarcoma xenograft tumors were completely dissected and photographed. (C) Weight of the tumors. 
(****P < 0.0001; ns P > 0.05; n = 6). (D) Immunohistochemistry: Immunohistochemistry analyses were performed on mouse osteosarcoma 
xenograft tumor tissues. (E) The percentage of Ki67+ cells in the tumors. (***P < 0.001; ns P > 0.05; n = 6) Scale bar, 100 µm. Abbreviations: 
CDDP: cisplatin; DOX: doxorubicin. 
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(Figure 1D) and confirmed by the corresponding 

statistical results (Figure 1E). These results indicate that 

the growth of osteosarcoma xenograft tumors was 

inhibited by CDDP and DOX treatment. 

 

The diversity of species in the gut microbiological 

environment 

 

Bacterial DNA was isolated from fecal samples and 16S 

rRNA gene sequencing was carried out. First, the quality 

of the sequencing data was evaluated. The curves of the 

OTUs, indicating the number of observed species, 

gradually approached a plateau (Figure 2A), indicating 

the rationality of the sequencing data. Species evenness 

and richness between groups are shown in the rank 

abundance curve (Figure 2B). The species accumulation 

curve indicates that there was sufficient sampling 

(Figure 2C). Second, alpha diversity metrics, which 

included Chao1, PD whole tree, good’s coverage, and 

Shannon and Simpson indices, were employed to 

evaluate the community diversity in each sample. Chao1 

and phylogenetic diversity (PD) whole tree indices 

reflected community richness and the relationships 

among the species within the community, respectively; 

however, non-significant differences were observed 

between the four groups (non-tumor bearing, tumor-

bearing, CDDP, and DOX). Good’s coverage was used 

to calculate the probability of a random sequence 

detected in the sample; thereby, determining the 

completeness of sequencing. The Good’s coverage index 

value was close to 1, proving that approximately the 

entirety of microbial communities was identified in the 

samples (Figure 2D). The Shannon and Simpson indices 

represent diversity. The Shannon and Simpson indices of 

group B were lower than those of group A, while 

differences between the other groups were not 

significant (*p < 0.05, ns p > 0.05; Figure 2E, 2F). This 

indicated that osteosarcoma growth reduced the species 

richness and diversity of the host gut microbiota. The 

Venn diagram (Figure 2G) identified 2442 common 

OTUs in the four groups of mice, and each group had its 

own unique OTUs as follows: 867 OTUs were unique to 

group A, 421 were unique to group B, 482 were unique 

to group C, and 399 were unique to group D. Mice in the 

control group had more unique OTUs than those of mice 

in the osteosarcoma mouse model, and mice treated with 

CDDP in the osteosarcoma mouse model had more 

unique OTUs than those of mice treated with saline, 

indicating that the growth of osteosarcoma reduced the 

diversity of gut microbiota, which may be partially 

restored after the CDDP treatment. 

 

Gut microbial dysbiosis in mice with osteosarcoma 

 

We compared the control group (group A) and the 

osteosarcoma model group (group B) to reveal 

alterations in the gut microbiota of mice before and 

after osteosarcoma growth. Compared to those of group 

A (control group), the abundance of Colidextribacter, 

Lachnospiraceae_NK4A136_group, Lachnospiraceae_ 

UCG-010, Lachnospiraceae_UCG-006, and Lachno-

clostridium was decreased, and the abundance of 

Alloprevotella and Enorhabdus was increased in group 

B (osteosarcoma model group). These results are 

demonstrated by a heatmap of the differential genera 

(Figure 3A) and a boxplot of the top 10 differential 

microbiota at the genus level (Figure 3B). The degree of 

variation between the different samples was exhibited in 

the microbial community PCoA (Figure 3C). Samples 

within a group exhibited a good degree of aggregation, 

and separation between the two groups of samples was 

evident. Linear discriminant analysis coupled with 

effect size measurements (LEfSe) analysis confirmed 

that Alloprevotella had a high degree of enrichment  

in mice in the osteosarcoma model group, and 

Lachnospiraceae had a high degree of enrichment in 

mice in the control group (Figure 3D, 3E). 

 

Effects of CDDP and DOX treatment in the gut 

microbiota of mice with osteosarcoma 

 

CDDP and DOX are commonly clinically used as 

chemotherapy treatments for osteosarcoma. After five 

intraperitoneal injections, the effects of CDDP (group C) 

and DOX (group D) on the gut microbiota of the mice 

with osteosarcoma were examined. At the genus level, 

mice in groups C and D exhibited lower abundances of 

Rikenella and Prevotella than those of mice in the 

osteosarcoma model group (group B), Enterorhabdus, 

Lachnospiraceae_UCG-006, Lachnoclostridium, and 

Faecalibacterium were more abundant in group C (Figure 

4A, 4B). PCoA analysis revealed that the gut microbiota 

in mice in groups C and D differed from that in group B, 

while the difference of gut microbiota between groups C 

and D was not significant (Figure 4C). Linear 

discriminant analysis effect size (LEfSe) analysis 

confirmed that Enterorhabdus and Faecalibacterium were 

highly enriched in group C, and Rikenella and Prevotella 

were highly enriched in group A (Figure 4D, 4E). 

 

To further investigate the effects of CDDP and DOX 

treatments on the changes in the composition of the gut 

microbiota in mice, we included the mice in the control 

group A for comparison. We observed that the increase 

in the abundances of Prevotella and Enterorhabdus in 

the osteosarcoma mouse model (group B) were reverted 

to their normal abundances following DOX treatment 

(group D). The increase in the abundance of Prevotella 

and the decrease in the abundances of Lachno-
spiraceae_UCG-006, Lachnoclostridium, and Coli-

dextribacter in group B were also normalized following 

treatment with CDDP (group C), as indicated 



www.aging-us.com 1341 AGING 

 
 

Figure 2. Calculation of alpha diversity index reflects sequencing depth. (A) The OTUs indicating the numbers of observed 

bacterial species. The X-axis represents the random sampling depth, and the Y-axis represents the exponential value. The curve slowly 
plateaus, indicating that there is enough sequencing data to represent information on the majority of microbial species in the sample. (B) 
Species richness and evenness. The abscissa represents the number of sequences contained in OTUs. For example, the 1000th most 
abundant OTU is represented by “1000”. The ordinate represents the relative abundance of the OTU, where “0.01” stands for 0.01%. (C) 
Species accumulation curve. The number of samples is represented on the X-axis, and the detected OTU number of samples is represented 
on the Y-axis. The flattening of the curve indicates that the sample size is adequate. (D) Good’s coverage analysis. Each sample is 
represented by one curve. The abscissa represents the random sampling depth, and the ordinate represents the exponential value. The 
curves flatten early on, and the value of the Y-axis changes barely, indicating the rationality of the amount of sequencing data. (E, F) Violin 
diagram of Shannon and Simpson index. Different colors represent different groups, and the ordinate is the index value. (G) Venn diagram 
of the number of OTUs in A, B, C, and D groups. Abbreviation: OTUs: operational taxonomic units. 
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Figure 3. The difference in diversity of the gut microbiota between mice in the osteosarcoma model group and mice in the 
control group. (A) Heatmap of genus-level abundance in each sample. The cluster tree on the left represents species clusters and the 

upper cluster tree represents sample clustering. Red indicates higher relative abundances of the genus, and blue indicates lower relative 
abundances of the genus. (B) Differential genus abundance Top10 boxplot. Different colors represent different groups of samples, and the 
ordinate represents the log-transformed value of the relative abundance of genera. (C) PCoA 3D diagram. Each sample is represented by 
one point in the Figure, and samples from the same group are of the same color. The closer the samples in the same group are, with a clear 
distance from other groups, indicates that the grouping effect is good. (D) Differential species annotation cladogram from LEfSe analysis. 
Nodes with different colors, respectively, indicate significantly different species with relatively high abundance in the different groups. 
Yellow nodes indicate species that were not significantly different between the two groups. The node diameter is proportional to the 
relative abundance. (E) Differential species score chart. Groups are represented by different colors. Genera in group A with a relatively high 
abundance are displayed in red bars, and green represents group B. Abbreviations: PCoA: principal coordinate analysis; LEfSe: linear 
discriminant analysis coupled with effect size measurements. 
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by the heatmap for the top 30 differential genera (Figure 

5A) and the boxplot for the top 10 differential 

microbiota at the genus level for the four groups (Figure 

5B). In addition, the abundance of Lactobacillus 

significantly increased in the DOX treatment group 

(group D). At the family level (Figure 5C), 

Lachnospiraceae had the highest abundance. 

Species correlation and phylogenetic analysis 

 

Phylogeny studies the formation or evolutionary history 

of species and the evolutionary relationships among 

species. In molecular evolutionary research, phylo-

genetic inference can reveal the sequence of biological 

evolutionary processes, understand the biological

 

 
 

Figure 4. The different diversity of gut microbiota among CDDP-, DOX- and normal saline-treated mice. (A) Heatmap of genus-

level abundance in each sample. (B) Differential genus abundance Top10 boxplot. (C) PCoA between groups. (D) Differential species 
annotation cladogram from LEfSe analysis. (E) Differential species score chart. 
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evolutionary history and mechanisms, and build an 

evolutionary tree based on the base differences among 

sequences at a certain taxonomic level. A random forest 

diagram was constructed to predict species richness 

(Figure 6A). As a machine learning algorithm, random 

forest is capable of efficiently and accurately classifying 

microbial community samples and can identify key 

components (OTUs or species) that can distinguish the 

differences among groups. Using the OTU abundance 

counts, we selected the TOP50 OTUs with the highest 

abundance, constructed an evolutionary tree (Figure 

6B), and displayed the abundance of OTUs in 

 

 
 

Figure 5. Four-group comprehensive analysis of changing trends in gut microbiota. (A) Heatmap of genus-level abundance in 

each group. (B) Differential genus abundance Top10 boxplot. (C) Differential family abundance Top10 boxplot. Abbreviations: PCoA: 
principal coordinate analysis; LEfSe: linear discriminant analysis coupled with effect size measurements. 
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different samples using a heatmap (Figure 6C). 

Compared to those of the CDDP and DOX groups 

(groups C and D, respectively), lower abundances of 

Campilobacterota, Firmicutes, and Proteobacteria were 

observed in the osteosarcoma mouse model group 

(group B). 

 

 
 

Figure 6. Phylogeny analysis and classification of microbiome community samples. (A) Genera importance point plot. The X-axis 

represents the measure of importance, and the Y-axis is the genera names ranked by importance. Normalized importance values are used 
by default in the plot. (B) Phylogenetic tree diagram. Different colors correspond to different phyla. (C) Combination diagram of species 
abundance and phylogenetic tree. The left is the phylogenetic tree diagram; the right is the abundance map, corresponding to the 
abundance of the OTU on the left in each group. Abbreviation: OTUs: operational taxonomic units. 
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Treatment with CDDP or DOX in mice in the 

osteosarcoma mouse model induced changes in the 

inferred gut microbiota function 

 

PICRUSt2 was used to predict differences in gut 

microbiota function based on differences in the gut 

microbiota composition. Briefly, 50 pathways were 

identified from the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) database, most of which are related 

to metabolism (Figure 7A). The analysis indicated that 

the osteosarcoma model group (group B) had lower 

heatmap scores for the metabolism of carbon, 

 

 
 

Figure 7. PICRUSt2 functional predictive analysis. (A) KEGG difference clustering heatmap. Kruskal–Wallis analysis was performed to 

predict pathways. The clustering of different enrichment entries is exhibited in the left cluster tree, and the upper clustering branch 
represents different samples. (B) COG difference clustering heatmap. (C) COG bar plot. The sample names are on the X-axis, and the 
relative abundance of the predicted functions is on the Y-axis. Abbreviations: PICRUSt2: phylogenetic investigation of communities by 
reconstruction of unobserved states; KEGG: Kyoto Encyclopedia of Genes and Genomes; COG: Clusters of Orthologous Groups of proteins. 
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nucleotide sugar and amino sugar, starch and sucrose, 

butanoate, propanoate, glutathione, and amino acids 

(phenylalanine and tyrosine), the biosynthesis of amino 

acids (arginine, valine, leucine, and isoleucine), and the 

degradation of fatty acids in comparison to those of the 

control group (group A). These pathways were all 

elevated in the CDDP- and DOX-treated groups 

compared to those in the osteosarcoma model group. 

Based on the NCBI Clusters of Orthologous Groups of 

proteins (COG) database, we carried out a difference 

analysis on the predicted COG results using the top 30 

entries in the difference results and displayed them in a 

heatmap (Figure 7B). The prediction of potential 

functions of the microbiome is also presented in a bar 

plot (Figure 7C), identifying some COG entries with 

high relative abundances related to microbial changes, 

such as carbohydrate transport and metabolism, amino 

acid transport and metabolism, and transcription. 

 

DISCUSSION 
 

Gut microbiota plays an essential role in health and 

disease. Gut microbiota and their associated metabolites 

are closely related to carcinogenesis, as they can induce 

inflammation and immune dysregulation and therefore, 

can interfere with the pharmacodynamics of anticancer 

agents [27]. We demonstrated that the presence of 

osteosarcoma and treatment with CDDP or DOX altered 

the composition of the gut microbiota in mice. 

 

In this study, the growth of osteosarcoma xenografts led 

to dysbiosis of the gut microbiota, reducing the species 

richness and diversity. The microbiota dysbiosis 

observed in mice with osteosarcoma compared to that in 

control mice included an increase in the abundances of 

Alloprevotella and Enterorhabdus and a decrease in the 

abundances of Colidextribacter and the four genera of 

Lachnospiraceae. Despite reports on its potential 

beneficial attributes, Alloprevotella is a member of the 

Prevotellaceae family that has been previously 

associated with colorectal cancer and autoimmune 

diseases [28, 29]. The abundance of Enterorhabdus, a 

harmful bacterium, was reported to be elevated in mice 

in a non-alcoholic steatohepatitis model. Colidextri-

bacter produces inosine [30], which is involved in 

energy metabolism as a physiological energy source and 

possesses a wide range of anti-inflammatory and 

immunomodulatory properties, including promoting 

anti-inflammatory cytokine production and inhibiting 

the production of chemokines and pro-inflammatory 

factors [31]. Many genera of Lachnospiraceae can 

produce butyrate [32], a short-chain fatty acid that is a 

major source of energy for intestinal epithelial cells, 

which can also inhibit pro-inflammatory cytokine 

signaling pathways [33]. Additionally, butyrate can 

enhance tight junctions and increase mucin secretion, 

thereby enhancing intestinal barrier function [33]. 

Dysbiosis or alteration of specific microbes may be 

caused by cancer and may lead to altered homeostasis 

or epigenetic effects that contribute to tumor 

progression and cellular transformation [34, 35]. The 

gut microbiota is also associated with cancer cachexia 

through pathways involved in systemic inflammation 

and gut barrier dysfunction [36]. Therefore, we believe 

that dysbiosis of the gut microbiota in mice, an increase 

in number of harmful bacteria and a decrease in number 

of beneficial bacteria, may promote osteosarcoma 

progression. 

 

We found that treatment with CDDP or DOX altered 

the composition of gut microbiota in mice with 

osteosarcoma. Treatment with CDDP or DOX reduced 

the abundance of Rikenella, and CDDP increased the 

abundance of Faecalibacterium. The chemotherapy 

drug cyclophosphamide also reduces the abundance of 
Rikenella, a beneficial bacterium that can produce short-

chain fatty acids [37], which may be a side effect of 

chemotherapy drugs. Patients with a high abundance of 

Faecalibacterium experience higher systemic and 

antitumor immune responses mediated through 

increased antigen presentation and exhibit improved 

effector T cell function in the tumor microenvironment 

and its periphery than those of patients with a low 

abundance of Faecalibacterium [38]. Iida et al. found 

that treatment of subcutaneous transplanted tumors with 

the platinum compounds oxaliplatin and cisplatin in 

antibiotic-treated or germ-free mice was significantly 

less effective than that in conventional mice [39]. 

Additionally, we noted that levels of some beneficial 

bacteria decreased during the growth of osteosarcoma 

tumors and were increased after chemotherapy, 

suggesting that the chemotherapy treatment may have 

corrected the cancer-induced changes in levels of 

beneficial bacteria, including Lachnospiraceae_UCG-

006, Lachnoclostridium, and Colidextribacter. These 

results indicate that changes in the gut microbiota after 

chemotherapy may contribute to the antitumor effects in 

the body. 

 

In addition, we performed 16S-based KEGG and COG 

function predictions. The gut microbiota produces or 

alters various chemicals and can trigger various host 

responses that affect physiological functions, including 

immunity, neurobiology, and metabolism [40, 41]. The 

KEGG pathway prediction results indicated that 

metabolism-related pathways accounted for the largest 

proportion of potentially affected pathways, including 

butanoate metabolism. Butyrate boosts antitumor CD8+ 

T cell responses through ID2-dependent IL-12 signaling 
[42]. The tumor-suppressive effect is increased by 

combination treatment with butyrate and chemotherapy 

or immunotherapy, indicating that gut microbiota 
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metabolite supplementation may have implications for 

cancer treatment responses [42]. Previous studies have 

demonstrated that sodium butyrate has anti-

proliferative, pro-apoptotic, pro-differentiation, and 

immunomodulatory effects on osteosarcoma cells [43, 

44]. In this study, butanoate metabolism was high in 

mice in the control group, decreased in mice in the 

osteosarcoma model group, and increased in 

osteosarcoma mice after CDDP or DOX treatment. The 

abundance of Lachnospiraceae, a butyrate-producing 

bacterium, showed a similar pattern. Therefore, we 

suggest that alterations in butyrate metabolism and 

Lachnospiriaceae levels may play important roles in the 

progression and chemotherapy of osteosarcoma, and 

further research is warranted. The COG prediction 

results also suggested that there is a significant 

relationship between changes in the gut microbiota and 

metabolism-related functions, including carbohydrate 

transport and metabolism and amino acid transport and 

metabolism. However, compared to the analysis using 

metabolomics, PICRUSt2 analysis still has certain 

drawbacks, which is a limitation of this study. 

 

Significant reductions in butyrate-producing bacteria 

have been observed in colorectal cancer patients [45]. 

Furthermore, supplementation with Clostridium 

butyricum, a butyrate-producing bacteria commonly 

used in clinical settings, inhibits intestinal tumor 

development in mice by modulating Wnt/β-catenin 

signaling and gut microbiota [45]. A recent phase I 

clinical trial in refractory metastatic melanoma showed 

that fecal microbiota transplantation (FMT) from 

responding patients can restore the effects of anti-PD-1 

immunotherapy in non-responding patients [46]. This 

study suggests that bacteria, such as Lachnospiraceae 

and Colidextribacter may play an important role in the 

growth and treatment of osteosarcoma. Whether FMT 

or supplementation with certain bacteria in the gut may 

be a potential novel addition to adjuvant therapy for 

osteosarcoma remains to be further explored. 

 

CONCLUSIONS 
 

In this study, we found that osteosarcoma growth 

altered the composition of gut microbiota in mice, and 

the levels of several bacterial populations were further 

altered after treatment with CDDP or DOX. KEGG 

and COG analyses showed that these changes were 

closely related to a variety of physiological functions 

in mice. This study helps establish the link between  

the gut microbiota and osteosarcoma growth and 

chemotherapy; also, provides the basis for further 

studies on the involvement of the gut microbiota in 

osteosarcoma progression and chemotherapy that may 

lead to the development of potential new therapeutic 

strategies. 

Abbreviations 
 

CDDP: cisplatin; DOX: doxorubicin; PICRUSt2: 

phylogenetic investigation of communities by 

reconstruction of unobserved states; OTUs: operational 

taxonomic units; PCoA: principal coordinate analysis; 

LEfSe: linear discriminant analysis coupled with effect 

size measurements; KEGG: Kyoto Encyclopedia of 

Genes and Genomes; COG: Clusters of Orthologous 

Groups of proteins; DMEM: Eagle’s medium; FBS: 

fetal bovine serum; BSA: bovine serum albumin. 

 

AUTHOR CONTRIBUTIONS 
 

YF, ZL, ZT, and RZ contributed to the conception and 

design of this study. RZ, XQ, SY, QD, WW, and LY 

conducted experiments and maintained the animals. RZ, 

ZW, PY, JL, and JB participated in the sample 

collection and data analysis. RZ and ZT uploaded raw 

data to NCBI. RZ drafted the manuscript. ZT, YF, and 

ZL revised the manuscript. All authors have contributed 

to the manuscript and have approved the submitted 

version. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 

 

ETHICAL STATEMENT 
 

This study was approved by the local ethics committee 

of the Second Hospital of Shanxi Medical University 

and was carried out in accordance with the regulations 

of animal research. The study protocol was approved by 

the Ethics Review Committee of the Second Hospital of 

Shanxi Medical University (approval number 

DW2022017) in Taiyuan, Shanxi, China. 

 

FUNDING 
 

This work was supported by the National Natural Science 

Foundation of China: U21A20353; National Natural 

Science Foundation of China: 82172503; Natural Science 

Foundation of Shanxi Province (20210302123263; 

20210302124410; 202204041101023; 20210302124410; 

201901D111373; 201903D321156), The Second 

Hospital of Shanxi Medical University, and four research 

funding projects within the hospital (2020001-10). 

 

REFERENCES 
 
1. Ritter J, Bielack SS. Osteosarcoma. Ann Oncol. 2010 

(Suppl 7); 21:vii320–5. 
https://doi.org/10.1093/annonc/mdq276 

https://doi.org/10.1093/annonc/mdq276


www.aging-us.com 1349 AGING 

PMID:20943636 

2. Kansara M, Teng MW, Smyth MJ, Thomas DM. 
Translational biology of osteosarcoma. Nat Rev 
Cancer. 2014; 14:722–35. 
https://doi.org/10.1038/nrc3838 
PMID:25319867 

3. Gaspar N, Occean BV, Pacquement H, Bompas E, 
Bouvier C, Brisse HJ, Castex MP, Cheurfa N, Corradini 
N, Delaye J, Entz-Werlé N, Gentet JC, Italiano A, et al, 
and SFCE (Société Française des Cancers de l'Enfant et 
l'adolescent), and GSF-GETO (Groupe Sarcome 
Français), and UNICANCER sarcoma group. Results of 
methotrexate-etoposide-ifosfamide based regimen 
(M-EI) in osteosarcoma patients included in the 
French OS2006/sarcome-09 study. Eur J Cancer. 
2018; 88:57–66. 
https://doi.org/10.1016/j.ejca.2017.09.036 
PMID:29190507 

4. Cho I, Blaser MJ. The human microbiome: at the 
interface of health and disease. Nat Rev Genet. 2012; 
13:260–70. 
https://doi.org/10.1038/nrg3182 
PMID:22411464 

5. Costello EK, Stagaman K, Dethlefsen L, Bohannan BJ, 
Relman DA. The application of ecological theory 
toward an understanding of the human microbiome. 
Science. 2012; 336:1255–62. 
https://doi.org/10.1126/science.1224203 
PMID:22674335 

6. Deleemans JM, Chleilat F, Reimer RA, Henning JW, 
Baydoun M, Piedalue KA, McLennan A, Carlson LE. 
The chemo-gut study: investigating the long-term 
effects of chemotherapy on gut microbiota, 
metabolic, immune, psychological and cognitive 
parameters in young adult Cancer survivors; study 
protocol. BMC Cancer. 2019; 19:1243. 
https://doi.org/10.1186/s12885-019-6473-8 
PMID:31870331 

7. Polk DB, Peek RM Jr. Helicobacter pylori: gastric 
cancer and beyond. Nat Rev Cancer. 2010; 10:403–14. 
https://doi.org/10.1038/nrc2857 
PMID:20495574 

8. Luu TH, Michel C, Bard JM, Dravet F, Nazih H, Bobin-
Dubigeon C. Intestinal Proportion of Blautia sp. is 
Associated with Clinical Stage and Histoprognostic 
Grade in Patients with Early-Stage Breast Cancer. 
Nutr Cancer. 2017; 69:267–75. 
https://doi.org/10.1080/01635581.2017.1263750 
PMID:28094541 

9. Peuker K, Muff S, Wang J, Künzel S, Bosse E, Zeissig Y, 
Luzzi G, Basic M, Strigli A, Ulbricht A, Kaser A, Arlt A, 
Chavakis T, et al. Epithelial calcineurin controls 

microbiota-dependent intestinal tumor development. 
Nat Med. 2016; 22:506–15. 
https://doi.org/10.1038/nm.4072 
PMID:27043494 

10. Singh N, Gurav A, Sivaprakasam S, Brady E, Padia R, 
Shi H, Thangaraju M, Prasad PD, Manicassamy S, 
Munn DH, Lee JR, Offermanns S, Ganapathy V. 
Activation of Gpr109a, receptor for niacin and the 
commensal metabolite butyrate, suppresses colonic 
inflammation and carcinogenesis. Immunity. 2014; 
40:128–39. 
https://doi.org/10.1016/j.immuni.2013.12.007 
PMID:24412617 

11. Li W, Deng Y, Chu Q, Zhang P. Gut microbiome and 
cancer immunotherapy. Cancer Lett. 2019; 447:41–7. 
https://doi.org/10.1016/j.canlet.2019.01.015 
PMID:30684593 

12. Wong CC, Yu J. Gut microbiota in colorectal cancer 
development and therapy. Nat Rev Clin Oncol. 2023; 
20:429–52. 
https://doi.org/10.1038/s41571-023-00766-x 
PMID:37169888 

13. Long Y, Tang L, Zhou Y, Zhao S, Zhu H. Causal 
relationship between gut microbiota and cancers: a 
two-sample Mendelian randomisation study. BMC 
Med. 2023; 21:66. 
https://doi.org/10.1186/s12916-023-02761-6 
PMID:36810112 

14. Viaud S, Saccheri F, Mignot G, Yamazaki T, Daillère R, 
Hannani D, Enot DP, Pfirschke C, Engblom C, Pittet MJ, 
Schlitzer A, Ginhoux F, Apetoh L, et al. The intestinal 
microbiota modulates the anticancer immune effects 
of cyclophosphamide. Science. 2013; 342:971–6. 
https://doi.org/10.1126/science.1240537 
PMID:24264990 

15. Daillère R, Vétizou M, Waldschmitt N, Yamazaki T, 
Isnard C, Poirier-Colame V, Duong CPM, Flament C, 
Lepage P, Roberti MP, Routy B, Jacquelot N, Apetoh L, 
et al. Enterococcus hirae and Barnesiella 
intestinihominis Facilitate Cyclophosphamide-
Induced Therapeutic Immunomodulatory Effects. 
Immunity. 2016; 45:931–43. 
https://doi.org/10.1016/j.immuni.2016.09.009 
PMID:27717798 

16. He H, Ni J, Huang J. Molecular mechanisms of 
chemoresistance in osteosarcoma (Review). Oncol 
Lett. 2014; 7:1352–62. 
https://doi.org/10.3892/ol.2014.1935 
PMID:24765137 

17. Xie B, Li Y, Zhao R, Xu Y, Wu Y, Wang J, Xia D, Han W, 
Chen D. Identification of Key Genes and miRNAs in 
Osteosarcoma Patients with Chemoresistance by 

https://pubmed.ncbi.nlm.nih.gov/20943636
https://doi.org/10.1038/nrc3838
https://pubmed.ncbi.nlm.nih.gov/25319867
https://doi.org/10.1016/j.ejca.2017.09.036
https://pubmed.ncbi.nlm.nih.gov/29190507
https://doi.org/10.1038/nrg3182
https://pubmed.ncbi.nlm.nih.gov/22411464
https://doi.org/10.1126/science.1224203
https://pubmed.ncbi.nlm.nih.gov/22674335
https://doi.org/10.1186/s12885-019-6473-8
https://pubmed.ncbi.nlm.nih.gov/31870331
https://doi.org/10.1038/nrc2857
https://pubmed.ncbi.nlm.nih.gov/20495574
https://doi.org/10.1080/01635581.2017.1263750
https://pubmed.ncbi.nlm.nih.gov/28094541
https://doi.org/10.1038/nm.4072
https://pubmed.ncbi.nlm.nih.gov/27043494
https://doi.org/10.1016/j.immuni.2013.12.007
https://pubmed.ncbi.nlm.nih.gov/24412617
https://doi.org/10.1016/j.canlet.2019.01.015
https://pubmed.ncbi.nlm.nih.gov/30684593
https://doi.org/10.1038/s41571-023-00766-x
https://pubmed.ncbi.nlm.nih.gov/37169888
https://doi.org/10.1186/s12916-023-02761-6
https://pubmed.ncbi.nlm.nih.gov/36810112
https://doi.org/10.1126/science.1240537
https://pubmed.ncbi.nlm.nih.gov/24264990
https://doi.org/10.1016/j.immuni.2016.09.009
https://pubmed.ncbi.nlm.nih.gov/27717798
https://doi.org/10.3892/ol.2014.1935
https://pubmed.ncbi.nlm.nih.gov/24765137


www.aging-us.com 1350 AGING 

Bioinformatics Analysis. Biomed Res Int. 2018; 
2018:4761064. 
https://doi.org/10.1155/2018/4761064 
PMID:29850522 

18. Zhang G, Wu Z, Yang Y, Shi J, Lv J, Fang Y, Shen Z, Lv Z, 
Li P, Yao X, Chen W, Wei X, Chu PK, Zhang X. A 
multifunctional antibacterial coating on bone 
implants for osteosarcoma therapy and enhanced 
osteointegration. Chem Eng J. 2022; 428:131155. 
https://doi.org/10.1016/j.cej.2021.131155 

19. Chen C, Mao X, Cheng C, Jiao Y, Zhou Y, Ren T, Wu Z, 
Lv Z, Sun X, Guo W. miR-135a Reduces Osteosarcoma 
Pulmonary Metastasis by Targeting Both BMI1 and 
KLF4. Front Oncol. 2021; 11:620295. 
https://doi.org/10.3389/fonc.2021.620295 
PMID:33828977 

20. Chen CL, Zhang L, Jiao YR, Zhou Y, Ge QF, Li PC, Sun 
XJ, Lv Z. miR-134 inhibits osteosarcoma cell 
invasion and metastasis through targeting MMP1 
and MMP3 in vitro and in vivo. FEBS Lett. 2019; 
593:1089–101. 
https://doi.org/10.1002/1873-3468.13387 
PMID:30977909 

21. Lan H, Hong W, Qian D, Peng F, Li H, Liang C, Du M, 
Gu J, Mai J, Bai B, Peng G. Quercetin modulates the 
gut microbiota as well as the metabolome in a rat 
model of osteoarthritis. Bioengineered. 2021; 
12:6240–50. 
https://doi.org/10.1080/21655979.2021.1969194 
PMID:34486477 

22. Bolger AM, Lohse M, Usadel B. Trimmomatic: a 
flexible trimmer for Illumina sequence data. 
Bioinformatics. 2014; 30:2114–20. 
https://doi.org/10.1093/bioinformatics/btu170 
PMID:24695404 

23. Reyon D, Tsai SQ, Khayter C, Foden JA, Sander JD, 
Joung JK. FLASH assembly of TALENs for high-
throughput genome editing. Nat Biotechnol. 2012; 
30:460–5. 
https://doi.org/10.1038/nbt.2170 
PMID:22484455 

24. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, 
Bushman FD, Costello EK, Fierer N, Peña AG, Goodrich 
JK, Gordon JI, Huttley GA, Kelley ST, Knights D, et al. 
QIIME allows analysis of high-throughput community 
sequencing data. Nat Methods. 2010; 7:335–6. 
https://doi.org/10.1038/nmeth.f.303 
PMID:20383131 

25. Rognes T, Flouri T, Nichols B, Quince C, Mahé F. 
VSEARCH: a versatile open source tool for 
metagenomics. PeerJ. 2016; 4:e2584. 
https://doi.org/10.7717/peerj.2584 

PMID:27781170 

26. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive 
Bayesian classifier for rapid assignment of rRNA 
sequences into the new bacterial taxonomy. Appl 
Environ Microbiol. 2007; 73:5261–7. 
https://doi.org/10.1128/AEM.00062-07 
PMID:17586664 

27. Meng C, Bai C, Brown TD, Hood LE, Tian Q. Human Gut 
Microbiota and Gastrointestinal Cancer. Genomics 
Proteomics Bioinformatics. 2018; 16:33–49. 
https://doi.org/10.1016/j.gpb.2017.06.002 
PMID:29474889 

28. Wells PM, Adebayo AS, Bowyer RCE, Freidin MB, 
Finckh A, Strowig T, Lesker TR, Alpizar-Rodriguez D, 
Gilbert B, Kirkham B, Cope AP, Steves CJ, Williams 
FMK. Associations between gut microbiota and 
genetic risk for rheumatoid arthritis in the absence of 
disease: a cross-sectional study. Lancet Rheumatol. 
2020; 2:e418–27. 
https://doi.org/10.1016/S2665-9913(20)30064-3 
PMID:33345197 

29. Mancabelli L, Milani C, Lugli GA, Turroni F, Cocconi D, 
van Sinderen D, Ventura M. Identification of universal 
gut microbial biomarkers of common human 
intestinal diseases by meta-analysis. FEMS Microbiol 
Ecol. 2017; 93. 
https://doi.org/10.1093/femsec/fix153 
PMID:29126267 

30. Mager LF, Burkhard R, Pett N, Cooke NCA, Brown K, 
Ramay H, Paik S, Stagg J, Groves RA, Gallo M, Lewis 
IA, Geuking MB, McCoy KD. Microbiome-derived 
inosine modulates response to checkpoint inhibitor 
immunotherapy. Science. 2020; 369:1481–9. 
https://doi.org/10.1126/science.abc3421 
PMID:32792462 

31. Guo W, Xiang Q, Mao B, Tang X, Cui S, Li X, Zhao J, 
Zhang H, Chen W. Protective Effects of Microbiome-
Derived Inosine on Lipopolysaccharide-Induced Acute 
Liver Damage and Inflammation in Mice via Mediating 
the TLR4/NF-κB Pathway. J Agric Food Chem. 2021; 
69:7619–28. 
https://doi.org/10.1021/acs.jafc.1c01781 
PMID:34156842 

32. Meehan CJ, Beiko RG. A phylogenomic view of 
ecological specialization in the Lachnospiraceae, a 
family of digestive tract-associated bacteria. Genome 
Biol Evol. 2014; 6:703–13. 
https://doi.org/10.1093/gbe/evu050 
PMID:24625961 

33. Morgan XC, Tickle TL, Sokol H, Gevers D, Devaney KL, 
Ward DV, Reyes JA, Shah SA, LeLeiko N, Snapper SB, 
Bousvaros A, Korzenik J, Sands BE, et al. Dysfunction 

https://doi.org/10.1155/2018/4761064
https://pubmed.ncbi.nlm.nih.gov/29850522
https://doi.org/10.1016/j.cej.2021.131155
https://doi.org/10.3389/fonc.2021.620295
https://pubmed.ncbi.nlm.nih.gov/33828977
https://doi.org/10.1002/1873-3468.13387
https://pubmed.ncbi.nlm.nih.gov/30977909
https://doi.org/10.1080/21655979.2021.1969194
https://pubmed.ncbi.nlm.nih.gov/34486477
https://doi.org/10.1093/bioinformatics/btu170
https://pubmed.ncbi.nlm.nih.gov/24695404
https://doi.org/10.1038/nbt.2170
https://pubmed.ncbi.nlm.nih.gov/22484455
https://doi.org/10.1038/nmeth.f.303
https://pubmed.ncbi.nlm.nih.gov/20383131
https://doi.org/10.7717/peerj.2584
https://pubmed.ncbi.nlm.nih.gov/27781170
https://doi.org/10.1128/AEM.00062-07
https://pubmed.ncbi.nlm.nih.gov/17586664
https://doi.org/10.1016/j.gpb.2017.06.002
https://pubmed.ncbi.nlm.nih.gov/29474889
https://doi.org/10.1016/S2665-9913(20)30064-3
https://pubmed.ncbi.nlm.nih.gov/33345197
https://doi.org/10.1093/femsec/fix153
https://pubmed.ncbi.nlm.nih.gov/29126267
https://doi.org/10.1126/science.abc3421
https://pubmed.ncbi.nlm.nih.gov/32792462
https://doi.org/10.1021/acs.jafc.1c01781
https://pubmed.ncbi.nlm.nih.gov/34156842
https://doi.org/10.1093/gbe/evu050
https://pubmed.ncbi.nlm.nih.gov/24625961


www.aging-us.com 1351 AGING 

of the intestinal microbiome in inflammatory bowel 
disease and treatment. Genome Biol. 2012; 13:R79. 
https://doi.org/10.1186/gb-2012-13-9-r79 
PMID:23013615 

34. Thomas RM, Jobin C. The Microbiome and Cancer: Is 
the 'Oncobiome' Mirage Real? Trends Cancer. 2015; 
1:24–35. 
https://doi.org/10.1016/j.trecan.2015.07.005 
PMID:26568984 

35. Poutahidis T, Varian BJ, Levkovich T, Lakritz JR, 
Mirabal S, Kwok C, Ibrahim YM, Kearney SM, 
Chatzigiagkos A, Alm EJ, Erdman SE. Dietary microbes 
modulate transgenerational cancer risk. Cancer Res. 
2015; 75:1197–204. 
https://doi.org/10.1158/0008-5472.CAN-14-2732 
PMID:25716681 

36. Herremans KM, Riner AN, Cameron ME, Trevino JG. 
The Microbiota and Cancer Cachexia. Int J Mol Sci. 
2019; 20:6267. 
https://doi.org/10.3390/ijms20246267 
PMID:31842339 

37. Shi H, Chang Y, Gao Y, Wang X, Chen X, Wang Y, Xue 
C, Tang Q. Dietary fucoidan of Acaudina molpadioides 
alters gut microbiota and mitigates intestinal mucosal 
injury induced by cyclophosphamide. Food Funct. 
2017; 8:3383–93. 
https://doi.org/10.1039/c7fo00932a 
PMID:28861559 

38. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, 
Andrews MC, Karpinets TV, Prieto PA, Vicente D, 
Hoffman K, Wei SC, Cogdill AP, Zhao L, Hudgens CW, 
et al. Gut microbiome modulates response to anti-
PD-1 immunotherapy in melanoma patients. Science. 
2018; 359:97–103. 
https://doi.org/10.1126/science.aan4236 
PMID:29097493 

39. Iida N, Dzutsev A, Stewart CA, Smith L, Bouladoux N, 
Weingarten RA, Molina DA, Salcedo R, Back T, Cramer 
S, Dai RM, Kiu H, Cardone M, et al. Commensal 
bacteria control cancer response to therapy by 
modulating the tumor microenvironment. Science. 
2013; 342:967–70. 
https://doi.org/10.1126/science.1240527 
PMID:24264989 

40. Fan Y, Pedersen O. Gut microbiota in human 
metabolic health and disease. Nat Rev Microbiol. 
2021; 19:55–71. 
https://doi.org/10.1038/s41579-020-0433-9 
PMID:32887946 

41. Kleber KT, Iranpur KR, Perry LM, Cruz SM, Razmara 
AM, Culp WTN, Kent MS, Eisen JA, Rebhun RB, Canter 
RJ. Using the canine microbiome to bridge translation 

of cancer immunotherapy from pre-clinical murine 
models to human clinical trials. Front Immunol. 2022; 
13:983344. 
https://doi.org/10.3389/fimmu.2022.983344 
PMID:36032113 

42. He Y, Fu L, Li Y, Wang W, Gong M, Zhang J, Dong X, 
Huang J, Wang Q, Mackay CR, Fu YX, Chen Y, Guo X. 
Gut microbial metabolites facilitate anticancer 
therapy efficacy by modulating cytotoxic CD8+ T cell 
immunity. Cell Metab. 2021; 33:988–1000.e7. 
https://doi.org/10.1016/j.cmet.2021.03.002 
PMID:33761313 

43. Xie C, Wu B, Chen B, Shi Q, Guo J, Fan Z, Huang Y. 
Histone deacetylase inhibitor sodium butyrate 
suppresses proliferation and promotes apoptosis in 
osteosarcoma cells by regulation of the MDM2-p53 
signaling. Onco Targets Ther. 2016; 9:4005–13. 
https://doi.org/10.2147/OTT.S105418 
PMID:27445491 

44. Perego S, Sansoni V, Banfi G, Lombardi G. Sodium 
butyrate has anti-proliferative, pro-differentiating, 
and immunomodulatory effects in osteosarcoma cells 
and counteracts the TNFα-induced low-grade 
inflammation. Int J Immunopathol Pharmacol. 2018; 
32:394632017752240. 
https://doi.org/10.1177/0394632017752240 
PMID:29363375 

45. Chen D, Jin D, Huang S, Wu J, Xu M, Liu T, Dong W, Liu 
X, Wang S, Zhong W, Liu Y, Jiang R, Piao M, et al. 
Clostridium butyricum, a butyrate-producing 
probiotic, inhibits intestinal tumor development 
through modulating Wnt signaling and gut 
microbiota. Cancer Lett. 2020; 469:456–67. 
https://doi.org/10.1016/j.canlet.2019.11.019 
PMID:31734354 

46. Baruch EN, Youngster I, Ben-Betzalel G, Ortenberg R, 
Lahat A, Katz L, Adler K, Dick-Necula D, Raskin S, Bloch 
N, Rotin D, Anafi L, Avivi C, et al. Fecal microbiota 
transplant promotes response in immunotherapy-
refractory melanoma patients. Science. 2021; 
371:602–9. 
https://doi.org/10.1126/science.abb5920 
PMID:33303685 

 

 

https://doi.org/10.1186/gb-2012-13-9-r79
https://pubmed.ncbi.nlm.nih.gov/23013615
https://doi.org/10.1016/j.trecan.2015.07.005
https://pubmed.ncbi.nlm.nih.gov/26568984
https://doi.org/10.1158/0008-5472.CAN-14-2732
https://pubmed.ncbi.nlm.nih.gov/25716681
https://doi.org/10.3390/ijms20246267
https://pubmed.ncbi.nlm.nih.gov/31842339
https://doi.org/10.1039/c7fo00932a
https://pubmed.ncbi.nlm.nih.gov/28861559
https://doi.org/10.1126/science.aan4236
https://pubmed.ncbi.nlm.nih.gov/29097493
https://doi.org/10.1126/science.1240527
https://pubmed.ncbi.nlm.nih.gov/24264989
https://doi.org/10.1038/s41579-020-0433-9
https://pubmed.ncbi.nlm.nih.gov/32887946
https://doi.org/10.3389/fimmu.2022.983344
https://pubmed.ncbi.nlm.nih.gov/36032113
https://doi.org/10.1016/j.cmet.2021.03.002
https://pubmed.ncbi.nlm.nih.gov/33761313
https://doi.org/10.2147/OTT.S105418
https://pubmed.ncbi.nlm.nih.gov/27445491
https://doi.org/10.1177/0394632017752240
https://pubmed.ncbi.nlm.nih.gov/29363375
https://doi.org/10.1016/j.canlet.2019.11.019
https://pubmed.ncbi.nlm.nih.gov/31734354
https://doi.org/10.1126/science.abb5920
https://pubmed.ncbi.nlm.nih.gov/33303685

