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Purpose: Radioactive iodine therapy is administered through oral route, which is accumulated and absorbed in the intestine.
However, its effects on the intestine remain unclear. In this study, we investigated the changes in the gut microbiota and metabolites
following radioactive iodine therapy.

Patients and Methods: A total of 76 stool samples from the same 38 patients were collected at the start of radioactive iodine therapy
and three days following the therapy. Stool microbiota and metabolites were detected using 16S rRNA gene sequencing and liquid
chromatography-mass spectrometry.

Results: Enterobacteriales, Enterobacteriaceae and Escherichia-Shigella were elevated in most patients (27/38) following the
therapy. The levels of 2-hydroxyundec-7-enoylcarnitine were significantly lower, whereas those of 5-dehydroavenasterol, butyliso-
propylamine, and salsoline-1-carboxylate were higher following the therapy. The relative abundance of Escherichia-Shigella was
negatively correlated with 2-hydroxyundec-7-enoylcarnitine level (r* = —0.661, P = 0.009). Functional pathways were predicted to be
involved in amino acid and lipid metabolism following the therapy. Particularly, phenylalanine, linoleic acid, sphingolipid, purine, and
alpha-linolenic acid metabolism were the main metabolic pathways.

Conclusion: Gut microbiota was disturbed following radioactive iodine therapy, with increased Escherichia-Shigella. Processes
associated with energy production seems to be impacted following the therapy, with significantly decreased 2-hydroxyundec-
7-enoylcarnitine level. Meanwhile, some metabolites and functional pathways may have a positive effect on intestinal homeostasis,
and may be related to the repair and promotion of gut recovery following the therapy. This study provides a basic foundation to explore
how radioactive iodine affects gut microbiota and metabolites, and how gut function is regulated in response to radioactive iodine
therapy.

Keywords: radioactive iodine, gut microbiota, Escherichia-Shigella, metabolism, thyroid carcinoma

Introduction
Thyroid carcinoma was ranked as the fifth common malignancy in women from cancer statistics in 2020." Differentiated
thyroid carcinomas approximately account for 90% of all types of thyroid carcinoma. Patients with differentiated thyroid
carcinomas had excellent survival outcomes, mainly due to the combination of surgery and appropriate radioactive iodine
therapy.” Radioactive iodine therapy is proposed for the ablation of remnant thyroid tissue or iodine-avid metastases.’
Radioactive iodine is administered through oral route, which is accumulated and absorbed in the intestine, thus it may
affect the gut microbiota or metabolites. To date, few studies have reported changes in the gut microbiota or metabolites
of patients with thyroid carcinoma following radioactive iodine therapy. Previous studies have indicated that gut
microbiota is associated with thyroid carcinoma.*® Another study investigated the dysbiosis of gut microbiota and
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metabolites in mice, six days following abdominal irradiation exposure.” In addition, gut bacterial compositions also
changed in mice, seven days following total body radiation.®

Given the paucity of studies on the gut microbiota or metabolites in thyroid carcinoma patients following radioactive
iodine therapy, we report this research.

Materials and Methods

Clinical Sample Collection

The study protocol was approved by the Ethics Committee of the First Hospital of Shanxi Medical University
(K-K176), in accordance with the Declaration of Helsinki. Written informed consent was obtained from all partici-
pants. The study was conducted in the First Hospital of Shanxi Medical University from November 2020 to
October 2021. Inclusion criteria included thyroid carcinoma patients (above 18 years old) preparing for radioactive
iodine therapy. Participants were excluded on condition that they had been diagnosed with other diseases, such as
diabetes, hypertension, coronary heart disease, or gastrointestinal disease. Exclusion factors included taking antibiotics
within one month,” and being vegan. Stool samples were collected with swabs at the start of radioactive iodine therapy
(pre-therapy) and three days following the therapy (post-therapy) and transferred using cryogenic ice to the laboratory

within two hours.

DNA Extraction, Library Construction and 16S rRNA Gene Sequencing

DNA extraction was performed using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) on the same day as sample
collection and then stored at —20 °C. The V3-V4 region of the 16S rRNA gene was amplified using the primers 341F (5’-
CCTACGGGNGGCWGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The KOD Plus Neo PCR kit
(Toyobo, Osaka, Japan) was used for the polymerase chain reaction. The size of the constructed library was determined
by 2% agarose gels. Then the constructed library was purified using the Agencourt AMPure XP beads (Beckman Coulter,
Miami, USA). Library quantification was performed using a QuantStudio 5 Real-Time PCR System (Applied
Biosystems, California, USA). Paired-end sequencing was performed using the Miseq Reagent Kit V3 and the
[llumina MiSeq instrument (Illumina, San Diego, USA).

Bioinformatics Analysis

Quality control, sequence merging and dereplication of raw reads were conducted using a combination of QIIME,'
Cutadapt'' and VSEARCH.'? Samples with more than 10,000 reads were included in the subsequent analyses. Amplicon
sequence variants (ASVs) were recognized using USEARCH-UNOISE3 with R (v4.1.1)."* For each sequence of ASVs, Silva
database (v132) was used to annotate the taxonomic information. STAMP (v2.1.3) and linear discriminant analysis effect size
(LEfSe) were performed to determine the statistical significance of taxa.'* Bar graphs of the microbiota at the phylum and
genus levels were presented on the Tutools platform (http://www.cloudtutu.com). Spearman correlation analysis was used to

visualize the relationship between differential microbiota and metabolites using GraphPad Prism (v9.3.0).

Metabolite Extraction

Metabolites were extracted using a mixed solution of 400 pL methanol:water (4:1, v/v). And 0.02 mg/mL
L-2-chlorophenylalanin was used as the internal standard. The mixture was treated with tissue crusher Wonbio-96¢c
(wanbo biotechnology, Shanghai, China) at 50 Hz for 6 min at —10 °C. The samples were set at =20 °C to precipitate
proteins for 30 min after treated with ultrasound at 5 °C for 30 min at 40 kHz. The supernatant was transferred to sample
vials for liquid chromatography-mass spectrometry (LC-MS) analysis after centrifugation at 13,000 x g for 15 min at 4
°C. The quality control sample was prepared by mixing equal volumes of all samples and was tested in the same way as

the analytical samples.
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UHPLC-MS/MS and Data Analysis

A UHPLC-Q Exactive HF-X system (Thermo Fisher Scientific, Massachusetts, USA) was used for LC-MS analysis. Raw
data were processed using the Progenesis QI software (Waters Corporation, Milford, USA). False-positive peaks,
including derivatized reagent peaks, column bleeds, and noise, were removed. The metabolites were identified using
the Human Metabolome Database (HMDB) (http://www.hmdb.ca/). Metabolic features of detection at least 80% in all

the samples were retained. Each metabolite was normalized by sum normalization method. The response intensity of the

mass spectrum peaks of the samples was normalized by the sum to reduce the errors caused by instrument instability and
sample preparation. Variables with a relative standard deviation > 30% of the quality control samples were removed.
Partial least squares discriminant analysis (PLS-DA) was performed using R package to distinguish the pre- and post-
therapy groups. Differential metabolites were selected using PLS-DA, based on variable importance in projection (VIP).
Differential metabolites were mapped to biochemical pathways based on the Kyoto Encyclopedia of Genes and Genomes
(KEGQG) database (http://www.genome.jp/kegg/). Python packages (scipy.stats) (https://docs.scipy.org/doc/scipy/) were

used to identify significantly enriched pathways following the therapy, using Fisher’s exact test.

Statistical Analysis

Differences in the abundance of microbiota were assessed using Welch’s #-test with Bonferroni correction. LEfSe was
applied with a threshold linear discriminant analysis (LDA) score > 2.0. The differential metabolites with variable
important in projection (VIP) > 1 and P < 0.05 were statistically significant. Differential metabolites were further
identified using the Mann—Whitney U-test. A P significance was set at less than 0.05.

Results

Clinical Characteristics of the Patients

A total of 76 stool samples from the same 38 patients were collected at the start of radioactive iodine therapy (pre-
therapy) and three days following the therapy (post-therapy). The study included 28 females and 10 males, with an
average age of 43.473 + 13.012 years. All the patients received radioactive iodine, 1 with 1110 MBq, 25 with 3700 MBq,
3 with 4625 MBq, 1 with 4810 MBq, 5 with 5550 MBq, 1 with 6660 MBq, and 2 with 9250 MBq. The clinical
characteristics of the patients were showed in Table 1.

Table | Baseline Characteristics of Patients Who Received
Radioactive lodine Therapy

Baseline Characteristics Patients (n=38)
Age (years) 43.473 £ 13.012
Female/male 28/10
BMI (kg/m?) 25.085 + 3.298
Maximum tumor diameter (cm) 1.392 + 0.878
Extrathyroidal extension (yes/no) 8/30
Unilateral/bilateral focus 11727
Multiple/single focus 12/26
Serum thyroglobulin (ng/mL) 2.205 (0.160, 15.865)
Radioactive iodine dose

1110 MBq |

3700 MBq 25

4625 MBq 3

4810 MBq |

5550 MBq 5

6660 MBq |

9250 MBq 2
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Microbiota Composition in Pre-Therapy and Post-Therapy Groups and Microbial

Alteration in Patients Following Radioactive lodine Therapy
A total of 2114 ASVs were annotated into following results, kingdom, 1; phylum, 6; class,16; order, 21; family, 34; genus, 76.
Microbiota profiles at the phylum and genus levels were listed in Supplementary Table 1 and Supplementary Table 2. The top

four phyla were Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria in pre-therapy group (Figure 1A). At the genus
level, Prevotella was prominent in the pre-therapy group, followed by Bacteroides, Finegoldia, Ezakiella, Faecalibacterium,
Peptoniphilus, Campylobacter and Anaerococcus (Figure 1B). Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria
were also enriched in post-therapy group (Figure 2A). Prevotella was prominent in the post-therapy group, followed by
Bacteroides, Faecalibacterium, Finegoldia, Ezakiella, Escherichia-Shigella, Campylobacter and Peptoniphilus (Figure 2B).

LEfSe showed that Enterobacteriales, Enterobacteriaceae and Escherichia-Shigella were elevated in the post-therapy
group compared with the pre-therapy group (Figure 3A). The relative abundance of Escherichia-Shigella was higher in
the post-therapy group than in the pre-therapy group (P = 0.010) (Figure 3B). In addition, for each patient, the relative
abundance of Escherichia-Shigella increased in twenty-seven patients following the therapy, and decreased in eleven
patients (Figure 3C). The eleven patients received radioactive iodine, one patient with 1110 MBq, seven with 3700 MBq,
one with 5550 MBq, and two with 9250 MBq.
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Figure | A bar plot of the relative abundance of gut microbial composition in patients at the start of radioactive iodine therapy.
Notes: (A) Top four phyla at the phylum level. (B)Top eight genera at the genus level. The abscissa represents different individuals. The ordinate represents the relative
abundance of microbiota.
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Figure 2 A bar plot of the relative abundance of gut microbial composition in patients following radioactive iodine therapy.
Notes: (A) Top four phyla. (B)Top eight genera. Different color indicates distinct microbiota at phylum and genus level.

Changes of Metabolite Profiles in Patients Following Radioactive lodine Therapy

To further investigate metabolite profiles, 30 stool samples were detected using liquid chromatography-mass spectro-
metry from 15 patients of pre-therapy and post-therapy. A total of 5828 cationic ions (1602 metabolites identified) and
5588 anionic ions (1047 metabolites identified) were obtained. The compounds that matched the HMDB database were
shown in Figure 4A. Lipid-related metabolites account for the largest proportion, followed by organic acids, and
organoheterocyclic compounds. The pre- and post-therapy groups were separated into distinct clusters by PLS-DA
score analysis, for both positive compounds (Figure 4B) and negative compounds (Figure 4C). The permutation test for
PLS-DA showed that the Q* and R? values on the left were lower than those on the right (original points). In addition, the
Q7 regression line had a negative intercept, with R? > 0.5, indicating that the PLS-DA method was valid for positive
compounds (Figure 4D) and negative compounds (Figure 4E).

In detail, 20 differential positive compounds and 10 negative compounds were identified (VIP > 1.0, P < 0.05,
Figure 5A). Compared to pre-therapy group, 15 metabolites showed higher concentrations and 15 metabolites showed
lower concentrations in the post-therapy group. Except for the exogenous metabolites, five differential metabolites were
further selected, using the non-parametric Mann—Whitney U-test. Among them, agmatine was excluded, which was
inconsistent with the sample size estimation.'> The levels of 2-hydroxyundec-7-enoylcarnitine (Figure 5B) were
significantly lower in the post-therapy group, whereas butylisopropylamine (Figure 5C), 5-dehydroavenasterol
(Figure 5D) and salsoline-1-carboxylate levels (Figure SE) were higher than those in the pre-therapy group.
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Figure 3 Change in gut microbiota of patients following radioactive iodine therapy.

Notes: (A) Linear discriminant analysis effect size (LEfSe) to identify the significant microbiota following radioactive iodine therapy. Taxa meeting a linear discriminant
analysis (LDA) threshold value > 2.0 and P < 0.05 are shown. (B) Violin plot of the relative abundance of Escherichia-Shigella in the pre- and post-therapy groups using Mann—
Whitney U-test (P = 0.010). (C) Bar plot of the relative abundance of Escherichia-Shigella in each patient of pre-therapy and post-therapy.

KEGG Annotation and Enrichment of Function Pathway in Patients Following

Radioactive lodine Therapy

Three nucleic acids and one fatty acid compounds were identified using KEGG annotation (Figure 6A). The pathway
classification results showed that the number of compounds involved in amino acid and lipid metabolism was higher
(Figure 6B). KEGG topology analysis revealed enrichment of pathways following the therapy. Particularly, phenylalanine,
linoleic acid, sphingolipid, purine and alpha-linolenic acid metabolism were the main metabolic pathways (P < 0.05, Figure 6C).

Associations Between Differential Microbiota and Metabolites

Spearman correlation analysis was used to investigate the relationship between the differential microbiota and metabo-
lites. The relative abundance of Escherichia-Shigella was negatively correlated with 2-hydroxyundec-7-enoylcarnitine
levels in the post-therapy group (r* = —0.661, P = 0.009) (Figure 7).

Discussion
To our knowledge, this is the first preliminary study to investigate early alterations in the gut microbiota and metabolites
in papillary thyroid carcinoma following radioactive iodine therapy.

In this study, stool Escherichia-Shigella showed a mixed response to radioactive iodine, with an enrichment in most
patients following radioactive iodine. Escherichia-Shigella, belong to Proteobacteria, which was also found to elevate
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Figure 4 Changes in metabolite profiles following radioactive iodine therapy.

Notes: (A) Total compounds matched the Human Metabolome Database (HMDB) in the pre- and post-therapy groups. (B) Pre- and post-therapy groups were separated by

partial least squares discriminant analysis (PLS-DA) score analysis for positive component. (C) Pre- and post-therapy groups were separated by PLS-DA score analysis for
negative components. (D) Permutation test for positive components. (E) Permutation test for negative components.

with radiopharmaceuticals using an ex-vivo approach in a previous study.'® An abundance of Proteobacteria and
Escherichia-Shigella clusters may represent an unstable gut microbial community,'” and have been known as pathogenic
microorganisms'® in acute inflammation or human colitis-associated colorectal carcinoma.'®*° In addition, Escherichia-
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Figure 5 Differential metabolite profiles following radioactive iodine therapy.

Notes: (A) Expression profile and variable importance in projection (VIP) score of differential metabolites. The left plot represents the expression of differential
metabolites. The right plot indicates VIP score of differential metabolites, VIP > 1.0, P < 0.05. (B) The relative abundance of 2-hydroxyundec-7-enoylcarnitine. (C) The
relative abundance of butylisopropylamine. (D) The relative abundance of 5-dehydroavenasterol. (E) The relative abundance of salsoline-|-carboxylate. Differential
metabolites between pre-therapy and post-therapy groups were further identified using the Mann—Whitney U-test. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001.

Shigella is Shiga toxin-producing bacteria that may associate with DNA damage.’ The relative abundances of
Escherichia-Shigella showed linear correlations with radiation dose in a mouse model.>' Escherichia-Shigella showed
an increase in most patients in the study, that may imply the early gut microbial imbalance and dysbacteriosis following
radioactive iodine therapy.

In addition to microbiota, metabolites, in the context of radioactive iodine, have also been investigated. 2-hydro-
xyundec-7-enoylcarnitine is an acylcarnitine that has a protective effect on the gut barrier.”* Acylcarnitine plays a role in
maintaining cell viability, restoring activities, and protecting membrane permeability.>** The vital role of acylcarnitine
is beta-oxidation to produce energy, transporting fatty acids and organic acids from the cytoplasm to the mitochondria.
Then they can be broken down to produce energy.”” Radiation could damage beta-oxidation and induce lipid accumula-

tion, resulting in decreased ATP production.”® The level of acylcarnitine in urine decreased at 6 h post-exposure to
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Figure 6 Predicted function pathway in patients following radioactive iodine therapy.
Notes: (A) Compound classification were identified using Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation. (B) Pathway classification were identified using
KEGG annotation. (C) KEGG topology analysis of significant pathways, and pathways meeting an P < 0.05 are shown.
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Figure 7 Heatmap correlation analysis between differential microbiota and metabolites.
Notes: The abscissa indicates correlation coefficients. The ordinate indicates differential microbiota and metabolites. The numerical value in the circles represent the
correlation coefficient. Red and blue represent negative and positive correlation, respectively.

radiation in patients undergoing total body irradiation.’” In this study, the level of 2-hydroxyundec-7-enoylcarnitine
significantly decreased following the therapy. The processes associated with energy production seem to be affected
following radioactive iodine therapy.

Moreover, 5-dehydroavenasterol belongs to sterol lipid, that had properties of exerting antioxidative, anti-inflamma-
tory, and improving metabolism.”® Salsoline-1-carboxylic is an intermediate metabolite in the process of salsoline
synthesis, which has a biological activity of anti-inflammatory.?’ Alterations of these metabolites may have a positive
effect on intestinal homeostasis following radioactive iodine therapy.
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Next, metabolites were predicted to involve in pathways, such as phenylalanine, linoleic acid, alpha linolenic acid,
and sphingolipid metabolism. Acute radiation induces inflammation of the intestinal epithelium and influences the
absorption and metabolism of amino acids in mucosal epithelial cells.*® A previous study demonstrated that phenylala-
nine metabolism could improve the activity of intestinal alkaline phosphatase and play a positive role in intestinal barrier
function.*! In addition, gut linoleic acid and alpha linolenic acid metabolism pathways were found to be involved in anti-
inflammatory and antioxidative effects.”*> Sphingolipid metabolism has been implicated in gut immune reactions and is
mediated by extracorporeal and intracorporeal factors.** The enrichment of pathways, related to phenylalanine metabo-
lism, linoleic acid, alpha linolenic acid and sphingolipid metabolism in the study, may imply a role in repairing and
promoting gut recovery following radioactive iodine therapy, worthy of further exploration.

This study has some limitations. First, it was based on single-center data with a limited sample size and single time
point. A multicenter study should be further conducted. A time series with a longer follow-up will be adopted to
investigate the dynamic changes in the microbiota and metabolites in the future. Second, the present work was
a preliminary investigation without evidence of the mechanisms of the response to radioactive iodine, so it was
impossible to determine the causal relationship between gut microbiota and metabolites. In addition, other factors should
be considered, such as diet, region and stress which may affect gut microbiota composition. Despite the above
limitations, this study provides a basic foundation for exploring alterations in the gut microbiota and metabolites in
response to radioactive iodine therapy.

Conclusion

In summary, our study for the first time investigated the early changes in gut microbiota and metabolites following
radioactive iodine therapy. Escherichia-Shigella increased in most patients following the therapy, with significantly
decreased 2-hydroxyundec-7-enoylcarnitine and elevated 5-dehydroavenasterol, butylisopropylamine, and salsoline-
1-carboxylate levels. Some metabolites and functional pathways were involved in phenylalanine metabolism, linoleic
acid, alpha linolenic acid, and sphingolipid metabolism, which might be related to the repair and promotion of gut
recovery following the therapy, and are worthy of further exploration.
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