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Correlation between gut
microbiota and the development of Graves’
disease: A prospective study

Yuanyuan Deng,1,2,3,5 Jiao Wang,1,2,3,5 Guijiao Xie,1,5 Guilin Zou,1,2,3 Shanshan Li,1 Jie Zhang,1 Wei Cai,4

and Jixiong Xu1,2,3,6,*

SUMMARY

The association between gut microbiota and development of Graves’ disease
(GD) remains unclear. This study aimed to profile the gut microbiota of 65 pa-
tients newly diagnosed with GD before and after treatment and 33 physical ex-
amination personnel via 16S rRNA sequencing. Significant differences in the
gut microbiota composition were observed between the two groups, showing
relative bacterial abundances of 1 class, 1 order, 5 families, and 14 genera. After
treatment, the abundance of the significantly enriched biota in the GD group
decreased considerably, whereas that of the previously decreased biota
increased considerably. Further, interleukin-17 levels decreased significantly.
The random forestmethodwas used to identify 12 genera that can distinguish pa-
tients with GD from healthy controls. Our study revealed that the gut microbiota
of patients with GD exhibit unique characteristics compared with that of healthy
individuals, which may be related to an imbalance in the immune system and gut
microbiota.

INTRODUCTION

Graves’ disease (GD) is an autoimmune disease caused by a combination of genetic and environmental fac-

tors, whose symptoms include palpitations, increased appetite, weight loss, irritability, and other symp-

toms of enhanced metabolic functions in various systems of the body. This disease also causes pretibial

myxedema; Graves’ ophthalmopathy, which may cause blindness in some severe cases; and hyperthyroid

crisis with high mortality rates.1,2 A study showed that the prevalence of GD is approximately 0.5% world-

wide, and its incidence has increased significantly in recent years.3 The gastrointestinal tract has the largest

and most complex microecosystem in the human body and plays an important role in metabolism, diges-

tion and absorption, immune function, and defense mechanisms against pathogens.4,5

Under normal circumstances, the composition and function of the gut microbiota (GM) in the body are

maintained in a relatively stable state6; however, increasing evidence has demonstrated that the occur-

rence of autoimmune diseases is related to an imbalance in the GM. Some studies have proven that the

structure of the GM is altered in patients with autoimmune diseases, including inflammatory bowel dis-

ease, rheumatoid arthritis, systemic lupus erythematosus, type 1 diabetes mellitus, and asthma.7,8 It is

speculated that the mechanism of interaction between GM and autoimmune diseases may be molecular

simulation, bystander activation, or epitope diffusion.9–11 Recently, the concept of the thyroid–gut axis

has attracted increasing attention by researchers.12 Studies have shown that the GM in patients with Ha-

shimoto’s thyroiditis is imbalanced, and the reduction in the number of some anti-inflammatory bacteria

may cause Th17/Treg imbalance, thereby promoting the occurrence and development of the

disease.13,14

Furthermore, the occurrence of GD may be related to chronic enterovirus infection. For instance, Yersinia

enterocolitica,Helicobacter pylori, and hepatitis C virus infections have been reported to be involved in the

pathogenesis of GD; however, the specific mechanisms remain unclear.15,16 Some studies have shown that

the structure and diversity of the GM in patients with GD are altered; however, these results are inconsis-

tent,17–20 which may be related to individual differences in samples, number of samples, course of patients

with GD, and sequencing platforms and sequencing depths in each study. On this basis, this study recruited
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patients newly diagnosed with GD and analyzed differences in the GM between the GD and Control (Con)

groups. Moreover, patients with GD were treated with antithyroid drugs, and alterations in their GM were

longitudinally assessed.

RESULTS

Baseline analysis

Clinical features

We analyzed the clinical characteristics of 98 participants at baseline, and no significant differences in age,

sex, and body mass index (BMI) were observed between the two groups. In contrast, free triiodothyronine

(FT3), free thyroxine (FT4), thyroperoxidase antibody (TPOAb), thyroglobulin antibody (TgAb), and thyro-

trophin receptor antibody (TRAb) levels were significantly higher and thyroid-stimulating hormone (TSH)

levels were significantly lower in the GD group than in the Con group (Table 1). Furthermore, we measured

the levels of cytokines secreted by Th17 and Treg lymphocytes and found no significant difference in IL-10

and IL-1b levels between the two groups. Although IL-17 levels increased in the GD group compared with

those in the Con group, the difference was insignificant (Figure 1A).

Characteristics of the gut microbiota

In total, 937 amplicon sequence variants (ASVs) were obtained via fecal sample sequencing. Alpha diversity

analysis based on the ASV level showed that the observed_ASVs, faith_pd, and shannon_index were signif-

icantly lower in the GD group than in the Con group. In contrast, no significant difference was observed in

the pielou_index (Figure 1B), indicating that the richness and diversity of the intestinal flora in patients with

GD reduced significantly, whereas evenness did not change significantly. Then, we evaluated the beta

diversity of the two groups. Based on bray_curtis dissimilarity PCoA analysis (p < 0.05 in permutational

MANOVA) and partial least squares discriminant analysis (PLS-DA) plot, the GM composition of patients

with GD was significantly different from that of healthy controls (Figure 1C).

Furthermore, we analyzed the taxonomic units of the two groups, and the stacked graph showed

certain differences between the GD and Con groups at the phylum, family, and genus levels (Fig-

ure 1D). To explore the specific GM structure of patients with GD, we further analyzed the differences

in the GM between the two groups. The results revealed that Firmicutes and Bacteroidetes were the

dominant phyla in both groups at the phylum level; however, no significant difference in the Firmi-

cutes/Bacteroidetes ratio (F/B) was observed between the two groups. In the GD group, the abun-

dances of Bacilli at the class level; Lactobacillales at the order level; Streptococcaceae at the family

level; and Streptococcus, Veillonella, and Erysipelatoclostridium at the genus level were significantly

enriched. However, the abundance of Peptostreptococcaceae, Christensenellaceae, Marinifilaceae,

and Rikenellaceae at the family level and the abundance of 10 genera, such as Roseburia, Romboutsia,

Lachnospira, and Eubacterium ventriosum, at the genus level were significantly lower in the GD group

than in the Con group (Figure 2A). Our findings suggest that patients with GD have distinct GM

compared with healthy controls.

Table 1. Baseline characteristics of control and GD groups

Con group (n = 33) GD group (n = 65) p value

Age (years) 27.00 (26.00–29.00) 30.00 (25.00–40.50) 0.0547

Sex(male/female) 10/23 18/47 0.8159

BMI (kg/m2) 20.03 (19.29–21.96) 20.81 (18.93–22.76) 0.4177

FT3 (pg/mL) 3.04 (2.77–3.34) 18.85(12.60–28.88) <0.0001****

FT4 (ng/dL) 1.14 (1.01–1.28) 6.53 (4.19–11.66) <0.0001****

TSH (mIU/mL) 2.43 (1.80–3.29) 0.0025 (0.0025–0.005) <0.0001****

TRAb (U/L) 1.37 (0.35–1.76) 5.10 (3.10–19.00) <0.0001****

TPO-Ab (IU/mL) 23.62 (20.13–26.90) 133.70 (24.25–320.90) <0.0001****

TG-Ab (IU/mL) 5.00 (5.00–7.82) 371.2 (56.72–791.00) <0.0001****

GD, Graves’ disease; BMI, body mass index; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hor-

mone; TPO-Ab, thyroperoxidase antibody; TG-Ab, thyroglobulin antibody; TRAb, thyrotrophin receptor antibody. Data

are median (25th–75th percentile) unless otherwise indicated. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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To further understand the biomarkers of the GM in patients with GD, we performed random forest analysis

and cross-validation of the genera obtained from participant samples and finally identified 12 genera (Fig-

ure 3A). Species clustering analysis revealed that the GD group was significantly different from the Con

group, and receiver–operating characteristic (ROC) curve analysis revealed that the area under the ROC

curve value was 0.9021 (95% confidence interval: 0.8451–0.9591) (Figure 3B), indicating that the above-

mentioned microorganisms could be used as potential biomarkers to distinguish the GD group from the

Con group.

To explore the relationship between biomarkers and clinical parameters, we performed Spearman’s corre-

lation analysis of biomarkers and clinical indexes. Our findings revealed that the abundance of Veillonella

was significantly positively correlated with FT3, FT4, and TRAb, that of 10 genera was significantly nega-

tively correlated with FT3 and FT4, and that of 8 genera was significantly negatively correlated with

TRAb. However, TSH was significantly negatively correlated with the abundance of Veillonella and signif-

icantly positively correlated with the abundance of 10 genera. BMI was significantly negatively correlated

with Turicibacter abundance. Regarding cytokines, IL-17 levels were also significantly negatively correlated

with Eubacteriumhallii group abundance (Figure 3C).

Figure 1. Baseline Clinical and gut microbiota characteristics of control and GD group

(A) Comparison of Cytokines in GD patients and Con.ns:p > 0.05.

(B) Comparison of alpha diversity in GD patients and Con at the ASV level. The observed_ASVs indices reflect the abundance of microbiota. The

shannon_index and faith_pd indices reflect the alpha diversity, and the pielou_index reflects the evenness.ns:p > 0.05; *p < 0.05; **p < 0.01. GD, Graves’

disease; Con, Control group; ASV,Amplicon Sequence Varia.

(C) A The PLS-DA (Partial Least Squares Discriminant Analysis) showed a significant separation between GD and Con. B.Principal coordinates analysis

(PCOA) based on the distance matrix of bray-curtis distance at the ASVs showed that the gut microbiota of GD was separated clearly from those of Con.

(D) Composition of the gut microbiota at the phylum, family and genus level.
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Subgroup analysis

We further analyzed the characteristics of 18 patients with confirmedGD and impaired liver function before

treatment (GDH). Regarding clinical parameters, alanine aminotransferase (ALT) and aspartate aminotrans-

ferase (AST) levels increased significantly in the GDH group, whereas TgAb levels decreased significantly;

the other parameters in the GDH group were not significantly different from those in patients with GD

without hepatic impairment (GDN) (Table S1).

Gut microbial specificity analysis revealed that the abundances of Proteobacteria at the phylum level,

Gammaproteobacteria at the class level, Enterobacteriales at the order level, Enterobacteriaceae and Leu-

conostocaceae at the family level, and Weissella at the genus level were significantly lower in the GDH

group, whereas the abundance of Coprococcus 3 was significantly enriched (Figure 4A). Moreover, we

explored themicrobiota that showed significant differences between the two groups via linear discriminant

analysis effect size (LEfSe) analysis. As a result, 13 discriminative features were identified, including one

phylum, two classes, three orders, two families, and five genera (Figure 4B). Then, Spearman’s correlation

analysis of the 15 bacterial taxa and clinical indicators was performed. The results revealed that

ALT was significantly negatively correlated with the abundances of Weissella, Enterobacteriales,

Figure 2. Abundance of gut microbiota in Con,GDT0 and GDT3 groups

(A) Differentially abundant taxa from the phylum to genus level were further analyzed between Con and GD groups by STAMP analysis using Welch’s t test

(p < 0.05, q < 0.05).

(B) Differentially abundant taxa from the phylum to genus level were further analyzed between GDT0and GDT3 groups by STAMP analysis using Welch’s t

test.

(C) Differentially abundant taxa from the phylum to genus level were further analyzed between Con and GDT3 groups by STAMP analysis usingWelch’s t test.
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Leuconostocaceae, and Proteobacteria and that AST was significantly negatively correlated with Rumino-

coccaceae UCG-002 abundance (Figure 4C).

Longitudinal follow-up analysis

We analyzed the clinical parameters and GM of patients with GD before (GDT0) and after drug treatment

(GDT3). Our findings revealed that FT3, FT4, and TgAb levels decreased significantly, whereas TSH levels

increased significantly after 3 months of treatment. TPOAb and TRAb levels showed a downward trend,

with no significant difference between the two groups (Table 2). Furthermore, IL-17 levels decreased signif-

icantly, whereas IL-10 levels showed an upward trend; however, the difference was insignificant (Figure 5A).

No significant difference in FT3, FT4, and cytokine levels was observed between the Con andGDT3 groups;

however, the TSH level in the GDT3 group was significantly lower than that in the Con group. TgAb,

TPOAb, and TRAb levels in the GDT3 group were significantly higher than those in the Con group,

Figure 3. Potential biomarkers of gut microbiota in GD patients

(A) Top 12 biomarker genus categories identified using random forests. Biomarker taxa are ranked in descending order of importance to the accuracy of the

model. The insert represents 10-fold cross-validation error as a function of the number of input classes used to differentiate GD patients in order of variable

importance.

(B) The ROC curve was used to assess the diagnostic accuracy of the 12 genera based on random forest results.Heatmap showing abundance of 12 genera

based on random forest results. Species cluster shows that two groups can be clearly separated. The color of the spot corresponds to the Log10transformed

relative abundance of each genera.

(C) The relationships among 10 clinical parameters and the relative abundance of the 12 genera in the GD and Con groups were estimated using Spearman

correlation analysis. Heatmaps showing correlations between clinical factors and gut microbiota at genus level. Color intensity represent magnitude of

correlation. Red = positive correlations; blue = negative correlations. ‘*’ denotes adjusted p < 0.05; ‘**’ denotes adjusted p < 0.01.
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indicating that thyroid function indexes improved after 3 months of drug treatment; however, the patients

were still in the state of hyperthyroidism (Table S2).

Alpha diversity analysis based on the ASV level revealed no significant difference in richness or diversity

between the two groups (Figure 5B). However, specific analysis of the GM revealed that the abundances

of Bacilli at the class level, Lactobacillales at the order level, Streptococcaceae at the family level, and

Streptococcus at the genus level decreased significantly in the GDT3 group. In contrast, the abundances

of Peptostreptococcaceae at the family level and Romboutsia and Lachnospira at the genus level increased

significantly (Figure 2B). The abundance of E. ventriosum showed an upward trend after treatment. Based

on the analysis of different bacterial genera between the GD and Con groups (Figure 2A), changes in the

GDT3 group were similar to those of the Con group, indicating that the intestinal flora of patients with GD

after treatment had been gradually reconstructed and recovered. LEfSe analysis also identified one class,

one order, two families, and three genera that could clearly distinguish the GM of the GD groups before

and after treatment(Figure 5C). Compared with the Con group, the alpha diversity (richness and diversity)

of the GDT3 group decreased significantly. Although no significant differences in the abundance of micro-

biota at the class and order levels were observed between the two groups, the abundances of Christense-

nellaceae and Marinifilaceae were significantly lower in the GDT3 group than in the control group at the

Figure 4. Gut microbiota characteristics of GDH and GDN group

(A) Subgroup analysis:Differentially abundant taxa from the phylum to genus level were further analyzed between GDH and GDN subgroups by STAMP

analysis using Welch’s ttest (p < 0.05, q < 0.05).

(B) LEfSe analysis shows bacterial taxa significantly enriched in the GDH (red) or GDN(green) groups. Taxonomic cladogram and linear discriminant analysis

(LDA) scores show differences among taxa between GDH and GDN. Only taxa meeting a significant LDA threshold value of >3 are shown.

(C) The relationships among 9 clinical parameters and the relative abundance of the 15 gut microbiota in the GDN andGDH subgroups were estimated using

Spearman correlation analysis.Heatmaps showing correlations between clinical factors and gut microbiota. Color intensity represent magnitude of

correlation. Red = positive correlations; blue = negative correlations. ‘*’ denotes adjusted p < 0.05.
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family level. At the genus level, the abundance of Erysipelatoclostridium was significantly enriched,

whereas that of Oscillibacter, Odoribacter, and Christensenellaceae R-7 was significantly lower in the

GDT3 group than in the control group(Figure 2C), indicating that although the GM is recovering after treat-

ment, there is still some level of disturbance.

DISCUSSION

Our results showed that the GM of patients with GDwas significantly different from that of healthy controls.

The diversity and richness of the GM in patients with GD reduced significantly, and different degrees of

disorder were observed at each level; in other words, the abundance of flora that produced short-chain

fatty acids (SCFAs) and had anti-inflammatory properties decreased. After 3 months of drug treatment,

the thyroid function and GM of patients with GD at each level recovered to a certain extent; moreover,

IL-17 levels decreased significantly. These results suggest that the occurrence of GD is related to the imbal-

ance in immune and GM. Hence, appropriate drug treatment allowed the immune and gut microbiota of

patients with GD to gradually recover. Using random forests, we identified 12 genera that could distinguish

patients with GD from healthy controls far more accurately (AUC = 0.9021), and Spearman correlation anal-

ysis confirmed that most of these genera were significantly associated with clinical indicators. Finally, sub-

group analysis revealed that Weissella reduction may mediate liver damage in patients with GD.

The GM is a complex microecosystem and is a recent research hotspot. There are limited studies on GD

and GM, with inconsistent findings. Studies have shown that there is no significant change in the richness

and diversity of the GM in patients with GD20–23 or that the diversity is reduced, with no significant differ-

ence in richness.24 However, Su et al.,17 Wen et al.,18 Ishaq et al.,19 and Chen et al.24 showed that both the

richness and diversity of the GM reduced in patients with GD; these findings are consistent with our results.

Firmicutes and Bacteroidetes are the dominant phyla in the human GM. Studies have shown that the F/B

value represents the health status of the body. In some individuals with autoimmune diseases or obesity,

the abundance of Firmicutes decreases, whereas that of Bacteroidetes increases; thus, the F/B value de-

creases.25,26 Wen et al.18 and Su et al.17 revealed a decrease in the F/B value in patients with GD. Consistent

with the findings of Cornejo-Pareja21 and Yang22 et al., our study showed that although the abundances of

Firmicutes and Bacteroidetes in the intestinal flora of patients with GD had altered considerably, these

changes were not significantly different from those in the Con group. Furthermore, the F/B value did not

change significantly, which may be related to the different geographical areas of the patients with GD

and different courses of the disease.

SCFAs in the gut are produced via microbial fermentation of dietary fibers. They are a source of energy for

intestinal epithelial cells, which can maintain the integrity of the intestinal epithelial barrier and reduce in-

testinal permeability and levels of circulating lipopolysaccharides, thereby promoting the body to achieve

a healthy state.27,28 Studies have shown that Peptostreptococcaceae, Christensenellaceae, Rikenellaceae,

Roseburia, Romboutsia, Lachnospira, Odoribacter, E. ventriosum, Oscillibacter, and other biological flora

can produce SCFAs and maintain a healthy intestinal microecological environment.29–34 In the present

study, the abundance of the above-mentionedmicrobiota decreased significantly in patients with GD. Teo-

fani et al.30 showed that the abundances of Christensenellaceae and Rikenellaceae reduced significantly in

patients with inflammatory bowel disease and were correlated with their disease severity. Furthermore, He

et al.35 demonstrated that the abundances of Oscillibacter and Romboutsia reduced significantly in

Table 2. Changes of clinical parameters in GD group before and after treatment (n = 37)

GDT0 GDT3 p value

BMI (kg/m2) 21.09(19.36–23.15) 22.76(20.73–24.73) <0.0001****

FT3 (pg/mL) 15.65(9.97–48.83) 2.94(2.64–11.56) <0.0001****

FT4 (ng/dL) 4.52(3.38–11.66) 1.06(0.84–3.65) <0.0001****

TSH (mIU/mL) 0.0025(0.0025–0.0060) 0.987(0.0025–2.930) 0.0017**

TRAb (U/L) 4.90(3.05–8.7) 3.00(1.15–8.15) 0.9101

TPO-Ab (IU/mL) 128.3(21.87–299.50) 117.2(16.25–250.60) 0.1071

Tg-Ab (IU/mL) 246.3(65.38–725.1) 90.20(17.42–488.10) 0.0229*

GDT0,GD group before drug treatment; GDT3,GD group after 3 months of drug treatment.
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patients with systemic lupus erythematosus. The abundance of Lachnospira has also been reported to

be significantly reduced in patients with ankylosing spondylitis,36 type 1 diabetes mellitus,37 IgE-related

allergic disease,38 and systemic lupus erythematosus.39 The disorders associated with the above-

mentioned biota are related to the occurrence and development of autoimmune diseases. Su et al.17

performed a metabolic analysis of the intestinal flora in patients with GD and showed that the levels of pro-

pionate and butyrate reduced significantly. In our study, the abundance of the above-mentioned biota in

patients with GD also increased significantly after 3 months of drug treatment, with a concurrent improve-

ment in clinical symptoms and indicators of hyperthyroidism. Therefore, we speculate that a reduction in

the abundance of SCFA-producing biota in patients with GD promotes the occurrence and development

of GD.

Studies have shown that Th17/Treg imbalance is related to the occurrence and development of autoim-

mune thyroid disease40; this phenomenon also exists in patients with primary and recurrent GD.41,42 In

this study, an increasing trend of IL-17 was observed in patients newly diagnosed with GD; however, the

difference was insignificant, which may be because all patients with GD were in the initial stage or the sam-

ple size was relatively small. Recent studies have clarified that some GM can affect the Th17/Treg balance

by secreting inflammatory cytokines or small molecules, such as polysaccharide A.43,44 Clostridium IV and

XIVa clusters have been reported to produce butyrate and regulate Th17/Treg balance, thereby promoting

Figure 5. Clinical and gut microbiota characteristics of each group after treatment

(A) Comparison of Cytokines in GD patients before treatment(GDT0) and after 3 months of treatment(GDT3).ns:p > 0.05; ‘**’:p < 0.01.

(B) Comparison of alpha diversity in GDT0 patients,GDT3 patients and Con at the ASV level.ns:p > 0.05; *p < 0.05; **p < 0.01.

(C) LEfSe analysis shows bacterial taxa significantly enriched in the GDT0 (red) or GDT3(green) groups. Taxonomic cladogram and linear discriminant analysis

(LDA) scores show differences among taxa between GDT0 and GDT3. Only taxa meeting a significant LDA threshold value of >3 are shown.
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healthy homeostasis.45 In general, Roseburia, Ruminococcus, Dorea, E. ventriosum, and Blautia belong to

the Clostridium XIVa cluster, whereas the genera Flavonifractor, Faecalibacterium, and Subdoligranulum

belong to the Clostridium IV cluster.46 In this study, the abundances of Roseburia, Ruminococcus,

E. ventriosum, Flavonifractor, and Lachnospira significantly decreased in patients with GD, and IL-17 levels

tended to increase. After 3 months of drug treatment, the abundances of the above-mentioned bacteria

increased in the GD group, and IL-17 levels significantly decreased. Correlation analysis also showed

that IL-17 levels were significantly negatively correlated with the abundance of E. ventriosum. Therefore,

the instability of the Th17/Treg balance was speculated in patients with GD.

Veillonella has been reported to be associated with inflammatory diseases, such as periodontitis, bacter-

emia, and pneumonia.47–49 It has been shown that the abundance of Streptococcaceae increased signifi-

cantly in mice with chronic inflammation fed with chronic high-fat diet,50 and Streptococcus has been re-

ported to cause meningitis, bacterial pneumonia, endocarditis, and erysipelas.51 Studies have also

shown that Erysipelatoclostridium abundance is positively correlated with inflammation.52 Adlercreutzia

can convert phytoestrogens into monomers via b-glucosidases, thereby reducing oxidative stress and in-

flammatory cytokine production (chemoattracting proteins-1 and IL-6).53 Furthermore, Roseburia attenu-

ates the expression of inflammatory cytokines, such as TNF-a and IL-1b.54 The current study results showed

that the abundances of Streptococcaceae, Streptococcus, Veillonella, and Erysipelatoclostridium in pa-

tients with GD increased significantly, in contrast to the abundances of Adlercreutzia and Roseburia, which

reduced significantly. Moreover, the abundances of Streptococcaceae and Streptococcus decreased

significantly after 3 months of drug treatment, indicating that patients with GD are in a state of excessive

inflammation because of an imbalance in anti-inflammatory and inflammatory flora. Combined with the

specificity of the GM and clinical features of the patients newly diagnosed with GD in this study, which

were consistent with those of Su et al.,17 the current study believed that disorders associated with the in-

testinal flora promoted immunity imbalances and GD occurrence.

GD itself can also cause impaired liver function. Mayneris-Perxachs et al. suggested that the abundance of

Leuconostocaceae reduced significantly in patients with obesity and fatty liver55 and that its supplementa-

tion could improve liver metabolism and reduce liver damage.56 Some lactic acid bacteria (LAB) strains

have been shown to improve intestinal barrier function and are considered probiotics.57 Kanmani et al.58

showed that LAB can attenuate the TGF-b signaling pathway associated with liver fibrosis and reduce

the production of inflammatory factors and hepatic steatosis in patients with obesity.59 Weissella belongs

to the Leuconostocaceae family of the Lactobacillales order, which has also been reported to inhibit the

production of proinflammatory cytokines and induce the production of anti-inflammatory mediators to

modulate immune cell responses and protect the liver.60,61 Using LEfSe analysis, we observed that the

abundances of Leuconostocaceae and Weissella in the GDH group were significantly lower than those

in the GDN group. Spearman correlation analysis also revealed that the abundances of Weissella and

Leuconostocaceae were significantly negatively correlated with hepatic impairment. Accordingly, the

reduction in the abundance of Weissella may mediate hepatic impairment in patients with GD.

The incidence of GD is increasing every year3; however, patients are generally diagnosed with GD only

when they have obvious clinical symptoms. Our study identified 12 bacterial genera that can distinguish

patients with GD from healthy controls far more accurately, which may help identify patients with GD in

the preclinical stage and implement corresponding interventions. In the follow-up study, the fecal bacteria

transplantation technology can be used to further verify the effect of each genus on GD occurrence and

provide a certain reference value for the clinical treatment of GD.

In conclusion, this study reveals that the occurrence of GDmay be related to the disturbed immune system and

GM. Following appropriate drug therapy, the abundances of the immune and GM gradually recovered in pa-

tients with GD. Furthermore, our study identified 12 bacterial genera that can distinguish patients with GD

from healthy controls far more accurately, which may help identify patients with GD in the preclinical stage.

Limitations of the study

However, our study has several limitations. First, the sample size was relatively small, and future studies with

a larger sample size are warranted for further verification. Second, this study employed a 3-month follow-

up, which is relatively short; thus, extending the follow-up time is necessary to further observe the changes

in clinical indicators and the intestinal microbiota in patients with GD more dynamically. Finally, this study
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sequenced the V3–V4 region of the 16S rRNA gene, which may not be accurate for representing the true

proportion of microorganisms in each sample.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Patients and samples

B Ethics statement

d METHOD DETAILS

B Laboratory investigation methods

B Fecal DNA extraction and 16S rRNA gene sequencing

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Clinical data analysis

B Sequencing data analysis

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.107188.

ACKNOWLEDGMENTS

The authors would like to thank State Key Laboratory of Microbial Metabolism, School of Life Sciences and

Biotechnology, Shanghai Jiao Tong University for performing the fecal microbiota 16S rRNA sequencing.

The manuscript was supported by grants from The Key Research and development project of Jiangxi Prov-

ince [grant numbers. 20201BBG71006].

AUTHOR CONTRIBUTIONS

Y.D., J.W., and G.X. conceptualized and designed the study. G.Z., S.L., and J.Z. contributed to the collection of

data and specimens. Y.D., J.W., and G.X. analyzed the data and drafted the manuscript. Y.D., W.C., and J.X.

reviewed and edited the manuscript. All authors contributed to the article and approved the final mauscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: April 1, 2023

Revised: May 19, 2023

Accepted: June 16, 2023

Published: June 28, 2023

REFERENCES
1. Smith, T.J., and Hegedüs, L. (2016). Graves’
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(2012). SINA: accurate high-throughput
multiple sequence alignment of ribosomal
RNA genes. Bioinformatics 28, 1823–1829.

67. Bokulich, N.A., Subramanian, S., Faith, J.J.,
Gevers, D., Gordon, J.I., Knight, R., Mills,
D.A., and Caporaso, J.G. (2013). Quality-
filtering vastly improves diversity estimates
from Illumina amplicon sequencing. Nat.
Methods 10, 57–59.

68. Rohart, F., Gautier, B., Singh, A., and Lê Cao,
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Jixiong Xu (Jixiong.Xu@ncu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The 16S rRNA sequencing set of this article has been deposited in the Genome Sequence Archive (GSA)

under the BioProject accession code PRJNA850658.

This paper does not report any original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and samples

This prospective observational study enrolled 65 patients newly diagnosed with GD (18 men and 47

women; aged 25.00–40.50 years; median age, 30.00 years) of Chinese Han ethnicity who visited the Endo-

crinology Department of the First Affiliated Hospital of Nanchang University, Nanchang City, Jiangxi Prov-

ince between October 2018 and September 2019. Of the 65 patients, 37 patients completed the 3-month

follow-up. Methimazole was administered once daily at a dose of 20–30 mg/day for the first month in each

patient; this dose was tapered or increased at each subsequent visit if the patient became euthyroid or re-

mained hyperthyroid, respectively. Overall, 33 volunteers (10 men and 23 women; aged 26.00–29.00 years;

median age, 27.00 years) who underwent physical examinations at our hospital’s health clinic without any

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Stool samples Healthy and GD volunteers NA

Critical commercial assays

QIAamp PowerFecal Pro DNA Kit QIAGEN company in USA NA

Oligonucleotides

16S rRNA gene V3-V4 region primer(F

50-CCTACGGGNGGCWGCAG-30 and R

50-GACTACHVGGGTATCTAATCC-30)

Klindworth et al.62 NA

Deposited data

Raw and analyzed data This paper SRA:PRJNA850658

Software and algorithms

GraphPad Prism 8 GraphPad Software Inc. https://www.graphpad.com/

QIIME v2020.2 GitHub http://qiime.org

R software RStudio https://www.r-project.org/

LEfSe Galaxy http://huttenhower.sph.harvard.edu/galaxy

STAMP GNU GPL http://kiwi.cs.dal.ca/Software/STAMP

DADA2 BiocManager https://benjjneb.github.io/dada2/dada
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confirmed disease were selected as the healthy control group. The inclusion criteria for the GD group were

consistent with the American Thyroid Association guidelines63 as follows: 1. hypermetabolic symptoms and

signs caused by thyrotoxicemia; 2. diffuse thyroid enlargement (confirmed via palpation or ultrasonogra-

phy); 3. increased serum FT3 and FT4 levels and decreased TSH levels; and 4. serum TRAb positivity.

Further, the exclusion criteria were as follows: 1. patients who had administered antibiotics within 3 months

(for a period of >3 days) before enrollment; 2. patients who had administered prebiotics, probiotics, or lac-

tic acid products continuously within 4 weeks before enrollment; 3. patients who had been prescribed with

antithyroid drugs for past treatment; 4. patients with malignant tumors, gastrointestinal disease, history of

gastrointestinal disease surgery, or recent history of other types of surgery; 5. patients with other autoim-

mune diseases, liver diseases, or endocrine system diseases; or 6. pregnant or breastfeeding patients. Pe-

ripheral venous blood and fecal samples were collected on an empty stomach after enrollment and stored

at �80�C until analysis; further, demographic and clinical data were collected from all volunteers.

Ethics statement

This study was approved by the Ethics Committee of the First Affiliated Hospital of Nanchang University

(ethics no. 2018-063), and written informed consent was obtained from all participants. This study was con-

ducted according to the guidelines provided by theWorldMedical Association andDeclaration of Helsinki.

METHOD DETAILS

Laboratory investigation methods

Electrochemiluminescence immunoassays were used to determine serum FT3, FT4, TSH, TPOAb, TgAb,

and TRAb levels. The reference ranges are as follows: FT3, 2.0–4.4 pg/mL; FT4, 0.93–1.70 ng/dL;

TSH, 0.27–4.2 uIU/mL; TgAb, 0–115 IU/mL; TPOAb, 0–34 IU/mL; and TRAb, 0–1.5 U/L. Biochemical

experiments were performed to evaluate liver function using the following standard values: ALT (7–40 U/

L) and AST (13–35 U/L). The Luminex detection technology was used to determine serum cytokine levels

(IL-1b, IL-10, and IL-17).

Fecal DNA extraction and 16S rRNA gene sequencing

Microbial DNA extraction from naturally lysed fecal samples was performed using magnetic bead beating

and QIAamp PowerFecalPro DNA extraction kit. DNA concentration of the extracted samples was deter-

mined using a Biodrop ultra-micro protein accounting analyzer(UK), and the extracted DNA samples were

stored at �20�C for later use. Targeted polymerase chain reaction based on the V3–V4 region of the 16S

rRNA gene was performed using62 primers (F 50-CCTACGGGNGGCWGCAG-30 and R 50-GACT

ACHVGGGTATCTAATCC-30), followed by amplicon sequencing on the Illumina Miseq platform. DNA

from all fecal samples in this study was included in the same sequencing run.

QUANTIFICATION AND STATISTICAL ANALYSIS

Clinical data analysis

Data were analyzed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) software system.

Data normality was examined using the Kolmogorov–Smirnov test. Normally distributed continuous data

were expressed as meansG standard deviations, whereas skewed continuous data were expressed as me-

dians and interquartile ranges. Clinical data in this study did not show a normal distribution; thus, Mann–

Whitney U test was used. Enumeration data were compared between groups using chi-square test. Data

before and after treatment were analyzed using paired t-test, and P-values of <0.05 were considered to

indicate statistical significance.

Sequencing data analysis

We used QIIME2 (2020.11) platform64 to visually assess the sequencing data volume and sample quality.

After filtering, denoising, and removing untrusted sequences and chimeras, high-quality sequences

were obtained. In total, 2,565,000 high-quality sequences were obtained in this study, with an average of

19,000 sequences per sample. Overall, 3,457 ASVs were identified in this study using DADA2 plugin.65 A

phylogenetic tree was constructed based on the processed alignment files using FastTree, and ASVs

were annotated based on SILVA 132 release database.66 To reduce the impact of false sequences on

our results, ASVs with a total number of sequences of <0.005% were removed from microbial data analysis

in this study.67 Alpha and beta diversity analyses were performed using QIIME2 and were visualized using

GraphPad Prism 8 (GraphPad Software) and R (version 4.1.3). PLS-DA was performed using the mixOmics
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package in R (version 3.6.1)68 and was visualized using Wekemo Bioincloud platform (https://www.

bioincloud.tech/#/). Using Statistical Analysis of Metagenome Profiles (v2.1.3), Welch’s t-test (P < 0.05),

and Benjamini–Hochberg false discovery rate method (q < 0.05) as multiple testing corrections, differences

in microbial abundance were determined between the two groups.69 The correlation between the micro-

biota and clinical data was assessed using Spearman correlation analysis. A random forest model was con-

structed using the randomForest package in R (version 4.1.3) to identify the genera that could distinguish

the GD group from the Con group. LEfSe analysis was used to investigate the differentiation of microbiota

with loss of liver function and GD group before and after treatment (https://huttenhower.sph.harvard.edu/

galaxy/). Part of the graphic summary is from the biorender platform.
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