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Objective

This study aimed to identify the association between specific short-chain acylcarnitines and cardiovascular disease (CVD) in type 2 diabetes mellitus (T2DM).



Method

We retrieved 1,032 consecutive patients with T2DM who meet the inclusion and exclusion criteria from the same tertiary care center and extracted clinical information from electronic medical records from May 2015 to August 2016. A total of 356 T2DM patients with CVD and 676 T2DM patients without CVD were recruited. Venous blood samples were collected by finger puncture after 8 h fasting and stored as dried blood spots. Restricted cubic spline (RCS) analysis nested in binary logistic regression was used to identify possible cutoff points and obtain the odds ratios (ORs) and 95% confidence intervals (CIs) of short-chain acylcarnitines for CVD risk in T2DM. The Ryan–Holm step-down Bonferroni procedure was performed to adjust p-values. Stepwise forward selection was performed to estimate the effects of acylcarnitines on CVD risk.



Result

The levels of C2, C4, and C6 were elevated and C5-OH was decreased in T2DM patients with CVD. Notably, only elevated C2 was still associated with increased CVD inT2DM after adjusting for potential confounders in the multivariable model (OR = 1.558, 95%CI = 1.124–2.159, p = 0.008). Furthermore, the association was independent of previous adjusted demographic and clinical factors after stepwise forward selection (OR = 1.562, 95%CI = 1.132–2.154, p = 0.007).



Conclusions

Elevated C2 was associated with increased CVD risk in T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM) is a major risk factor for cardiovascular disease (CVD) alongside other risk factors such as smoking and lipid disorders; in turn, CVD is the most prevalent cause of mortality among people with T2DM (1, 2). Individuals with diabetes have two to three times higher risk of developing CVD and two to four times increased risk of dying from heart diseases compared to their counterparts without diabetes (3–5).

Generally, obesity is a common risk factor for diabetes and its cardiovascular complications and has adverse effects on blood pressure and blood lipid (6). However, the body mass index (BMI) does not fully explain the increased risk of CVD in diabetics. Compared with the value of BMI, the metabolism and distribution characteristics of lipids will also have different effects on diabetes and CVD. For example, unlike fat that accumulates in the viscera, subcutaneous fat is negatively correlated with triglycerides (TGs), blood pressure, and atherosclerosis and has a protective effect on atherosclerosis (7). Besides, there is also a large variability of CVD risk for given fat mass. A review indicated that some lean people and obese people have similar risk of cardiovascular complications due to differences in fat distribution (8). Therefore, the risk of CVD in T2DM with diabetes cannot simply be measured by BMI. Interestingly, the heart energy of diabetic patients is mainly supplied by the oxidation of fatty acids (FAs) (9). As a small metabolic molecule, acylcarnitine is a product of FAs involved in heart energy supply (10). Acylcarnitine is essential for the transport of FAs into the mitochondria, which are free carnitines combined with coenzyme A (CoA) produced by FA β-oxidation (11–13). Meanwhile, acylcarnitine is also involved in the metabolism of triglycerides, cholesterol, and other lipids, as well as in the process of gluconeogenesis, which can comprehensively reflect the changes of glucose and lipid metabolism in diabetic patients.

A previous study found that the elevation of blood contents of short- and medium-chain acylcarnitines was related to the risk of CVD in T2DM (14). Animal experiments have also shown that the plasma levels of acetylcarnitine and hydroxybutyrylcarnitine in T2DM rats were increased. Further correlation analysis indicated that T2DM-related dyslipidemia was associated with the increased level of acetylcarnitine, and hydroxybutyrylcarnitine showed higher positive correlations with homeostasis model assessment of insulin resistance (HOMA-IR) (R > 0.64) (15). Similarly, a Russian study found that the levels of short-chain acylcarnitines, such as acetylcarnitine and isovalerylcarnitine, were higher in patients with CVD than those in non-CVD patients (16). These studies were consistent with our previous study to a certain extent, that some short-chain acylcarnitines might play an essential role in diabetic patients developing CVD. But only a few studies have investigated the association of these short-chain acylcarnitines and the risk of T2DM patients developing CVD.

Therefore, we carried out a cross-sectional study based on hospital patients with T2DM to explore the effects of short-chain acylcarnitines on CVD in T2DM patients.



Methods and Results


Research Design and Population

Electronic medical records were compiled to collect the demographic and disease information of patients in May 2015. By August 2016, we recruited 2554 T2DM patients from the First Affiliated Hospital of Liaoning Medical University. T2DM was diagnosed according to the 1999 criteria of the World Health Organization (17). We excluded the following patients: 1) aged <18 years, 2) with missing demographic information, 3) had disorders of consciousness, and 4) short-chain acylcarnitine metabolites were not determined, including C2, C3, C4, C4-OH, C4DC, C5, C5-OH, C5DC, C5:1, and C6. According to the standard, a total of 1,032 patients were enrolled in this study. The Ethics Committee for Clinical Research of the First Affiliated Hospital of Liaoning Medical University granted ethical approval for the study. Informed consent was waived due to the retrospective nature of the study, which is consistent with the Declaration of Helsinki.



Data Collection and Definitions

Demographic information including age, gender, BMI, and duration of diabetes and drug use data such as of antidiabetic drugs, antihypertensive drugs, and lipid-lowering drugs were retrieved from electronic medical records. Trained doctors examined clinical data on systolic blood pressure (SBP), diastolic blood pressure (DBP), glycated hemoglobin (HbA1c), TGs, low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) in the laboratory of the hospital.

BMI was calculated as the weight at the last hospital visit (in kilograms) divided by the squared body height (in meters). Based on a previous research (18), BMI was divided into the following groups: underweight, <18.5 kg/m2; normal weight, 18.5–24 kg/m2; overweight, 24–28 kg/m2; obese, ≥28.0 kg/m2. Blood pressure was the average of two measurements using standard mercury sphygmomanometers after at least a 10-min rest in a sitting position. HbA1c ≥ 7% was defined as hyperglycemia. Dyslipidemia was diagnosed if TG ≥ 1.7 mmol/L, LDL-C ≥ 2.6 mmol/L, or HDL-C ≤ 1 mmol/L in males and HDL-C ≤ 1.3 mmol/L in females.

CVD was defined as having a medical history of coronary artery disease (CAD), heart failure, or stroke. Short-chain acylcarnitines include acetylcarnitine (C2), propionylcarnitine (C3), butyrylcarnitine (C4), hydroxylbutyrylcarnitine (C4-OH), succinylcarnitine (C4DC), isovalerylcarnitine (C5), 3-hydroxyisovalerylcarnitine (C5-OH), glutarylcarnitine (C5DC), tiglylcarnitine (C5:1), and hexanoylcarnitine (C6).



Acylcarnitine Assays

Venous blood samples were collected by finger puncture after 8 h fasting and stored as dried blood spots. Experimental determination was taken at room temperature. Acylcarnitine was extracted from blood samples using the Millipore MultiScreen HV 96-well plate (Millipore, Billerica, MA, USA). Filtrate after extraction and quality control solutions were dried by pure nitrogen gas at 50°CC. Acylcarnitine quality control standards were purchased from Chromsystems (Grafelfing, Germany). Dried samples were dissolved by acetonitrile aqueous solution for final acylcarnitine assays. The assays were performed using an AB Sciex 4000 QTrap system (AB Sciex, Framingham, MA, USA). Acylcarnitine was scanned under positive mode. Analyst v1.6.0 software was applied for the system control and acylcarnitine data collection. Further data preprocessing is carried out through ChemoView 2.0.2 (AB Sciex).



Statistical Analysis

All statistical results were conducted using Statistical Analysis System 9.4 version (SAS Institute Inc., Cary, NC, USA). Normality of continuous variables was tested by checking the quantile–quantile (Q–Q) plot. Continuous variables with normal distribution were expressed as the mean ± standard deviation (SD) and compared using Student’s t-test. Continuous variables with skewed distribution were expressed as medians (interquartile range) and compared using the Wilcoxon rank-sum test. Categorical variables were presented as quantity (percentage), and their differences between the CVD and non-CVD groups were compared using the chi-squared test or Fisher’s exact test. Binary logistic regression was performed to assess the odds ratios (ORs) and 95% confidence intervals (CIs) of the levels of acylcarnitine for the risk of CVD in T2DM. Restricted cubic spline (RCS) analysis embedded in logistic regression was used to examine the full-range associations between acylcarnitine levels and the risk of CVD in T2DM due to possible non-linearity. As usual, three knots were adopted in the study according to a previous study and the suggestion by Harrell (19–21). The ORs of acylcarnitines will change rapidly at some cutoff points if the relationship between acylcarnitines and CVD in T2DM is nonlinear. These cutoff points were used to stratify acylcarnitines into categorical variables by carefully observing the shape of the OR curves of acylcarnitine for CVD in T2DM. A two-step adjustment scheme was performed to control potential confounders. Firstly, we preliminarily created a univariable logistic model to explore the relation between acylcarnitines and CVD in T2DM. Secondly, we further adjusted the aforementioned factors consisting of age, gender, BMI, duration of diabetes, antidiabetic drugs, antidiabetic drugs, and lipid-lowering drugs, SBP, DBP, HbA1c, TG, LDL-C, and HDL-C. In addition, a stepwise forward selection was performed to identify acylcarnitines that had effects on CVD risk in TDM independent of these factors. Mean imputation and multiple imputation were performed to control for the impact of missing data in the multivariable model. Finally, p-values less than 0.05 were considered as statistically significant for all these analyses. The Bonferroni test was applied to adjust p-values for multiple comparisons.




Results


Demographic and Clinic Characteristics of Participants

Among all the study subjects, there were 356 T2DM patients suffering from CVD. Strokes were the most common (only diagnosed strokes: 193, 39.04%), followed by CAD (only diagnosed CAD: 111, 31.18%), and the least number of people suffered from heart failure (HF) (only diagnosed HF: 6, 1.69%). In both groups, there were more male than female patients. The age, duration of diabetes, SBP, and the proportions of intake of hypoglycemic drugs and lipid-lowering drugs in the CVD group were all greater than those in the non-CVD group. It was worth noting that, compared with the non-CVD group, the CVD group had more frequent HbA1c deletions, while the missing values of HDL-C, LDL-C, and TG were fewer. However, there were no statistically significant differences in the gender distribution, BMI, diastolic blood pressure, and intake of antidiabetic drugs between the two groups (Table 1).


Table 1 | Demographic and clinical characteristics of diabetes according to occurrence of CVD.





Levels of Short-Chain Acylcarnitines Between the CVD and Non-CVD Groups

The levels of C2, C4, and C6 in the CVD group were higher than those in T2DM patients without CVD, whereas the concentration of C5-OH was lower. No significant differences in the levels of C3, C4-OH, C4DC, C5, C5DC, and C5:1 were found in both groups (Table 2).


Table 2 | Short-chain acylcarnitine levels betweenT2DM patients with CVD and T2DM patients without CVD.





Associations of Short-Chain Acylcarnitine and Risk of CVD in T2DM

Except for C4, the relationships between C2, C5-OH, and C6 and CVD in T2DM were nonlinear by observing the OR curves (Figure 1). C2 and C4 were positively associated with the risk of CVD in T2DM in the univariable model (model 1). The ORs (95%CI) were as follows: C2 = 1.576 (1.203–2.064) and C4 = 3.551 (1.409–8.946). The relationship between C5-OH and CVD was a U-shaped curve. In the univariable analysis, C5-OH less than 0.22 μmol/L was negatively associated with CVD in T2DM, utilizing 0.22–0.30 μmol/L as the reference [OR (95%CI) of C5-OH for <0.22 vs. 0. 22–0.30 μmol/L: 1.638 (1.181–2.270)]. Only the association of C2 with CVD in T2DM was still statistically significant after adjusting for other potential confounders in the multivariable model (model 2) (C2: OR = 1.558, 95%CI = 1.124–2.159, p = 0.0078, Bonferroni-adjusted p = 0.0125). The OR of C2 for CVD in T2DM only had a slight change, which was independent of traditional risks in the stepwise selection procedure (C2: OR = 1.562, 95%CI = 1.132–2.154) (Table 3). Moreover, this relationship also did not change statistically after filling in the missing values (Supplementary Table S1).




Figure 1 | Associations between short-chain acylcarnitine and the risk of cardiovascular disease (CVD) in type 2 diabetes mellitus (T2DM). The black lines were derived from univariable model 1, the blue lines from multivariable analyses (see Table 3, multivariable model 2, for the list of adjusted variables), and the red lines were the reference lines at OR = 1.




Table 3 | Odds ratios of short-chain acylcarnitine for CVD risk in T2DM.






Discussion

Our study found that the levels of C2, C4, and C6 in short-chain acylcarnitine increased in T2DM patients with CVD, while the level of C5-OH was decreased. Additionally, an elevated C2 level was associated with an increased risk of CVD in T2DM after considering demographic and clinical factors.

C2 is a small metabolic molecule in the body that plays a vital role in cellular respiration. It removes acetyl groups from cells and participates in energy transfer. C2 serves as a transmission tool for FAs to enter the mitochondria for the production of ATP during cellular respiration (22).

Specifically, free FAs are activated in the cytoplasm to form acyl-CoA. Acyl-CoA enters the mitochondria by carnitine shuttle through carnitine palmitoyl transferase 1 (CPT1) and carnitine palmitoyltransferase2 (CPT2) on the mitochondrial membrane (23). After entering the mitochondrial matrix, acyl-CoA is dehydrogenated, added water, dehydrogenated again, and sulfated under the catalysis of the FA oxidase system (24). Finally, acyl-CoA is broken to form one molecule of acetyl-CoA and one molecule of two-carbon chain shortened acyl-CoA (25). The shortened acyl-CoA repeats the above process to generate acetyl-CoA or combine with free carnitine to form acyl-carnitine. Acetyl-CoA is further involved in the synthesis pathway of the following substances (26): 1) acetyl-CoA and free carnitine are converted into acetylcarnitine by carnitine acetyltransferase (CRAT); 2) acetyl-CoA participates in the tricarboxylic acid (TCA) cycle to provide ATP; 3) acetyl-CoA as a direct raw material to synthesize cholesterol; 4) acetyl-CoA is converted into a ketone body.

It was worth noting that a US study indicated that CPT-I α-subtype mRNA abundance was increased in the heart of diabetic or fasted rats (27). Meanwhile, increased FA uptake associated with reduced glucose oxidation has been observed in the heart of both diabetic mice (Ob/ob and db/db mice) and in patients with type 2 diabetes (28–30). The characteristic of a diabetic heart is that the supply of substrates exceeds the need for TCA cycle (31). A study found that the genes involved in glucose transport and utilization were inhibited and that significant heart failure occurred at 4 weeks of age in a lipid-toxic mouse (the FA uptake rate exceeded the utilization rate), which was constructed using transgenic technology (32). Furthermore, an increase in the acetyl-CoA/CoA ratio was discovered in the heart of patients with diabetic cardiomyopathy (33).

Therefore, we suspect that the accumulation of acetyl-CoA is caused by the FA uptake rate exceeding the need of the TCA cycle rate. Besides, a cohort study found that a higher transcriptional level of CRAT and elevated C2 were observed in impaired glucose tolerance (IGT) and T2DM patients, which presented during follow-up (34). The higher CRAT transcription level may explain the increase of acetylcarnitine due to a part of accumulation of acetyl-CoA (35). Moreover, the glycolysis pathway from pyruvate to acetyl-CoA will be further inhibited by negative feedback when excess acetyl-CoA exceeds the conversion capacity of the TCA cycle, thus exacerbating insulin resistance (36). Normal insulin signaling in the vascular endothelium can protect against atherosclerosis (37). Insulin resistance is associated with reduced production and release of nitric oxide in vascular endothelial cells (38), leading to impaired cellular function and, thus, an increased risk of atherosclerosis (39). In addition, as a direct precursor, the accumulation of acetyl-CoA may lead to increased cholesterol production in the liver, which may exceed the body’s metabolic capacity, deposit in the blood vessels, leading to atherosclerosis (Figure 2). A study involving 1,185 hospitalized patients with suspected coronary heart disease (CHD) found that elevated C2 worsened coronary stenosis after coronary angiography (OR = 1.778, 95%CI = 1.106–2.857) (40). Other population studies have demonstrated that C2 is associated with higher severity of CHD and adverse cardiovascular outcomes (41–44).




Figure 2 | Hypothesis of acetylcarnitine association with CVD in T2DM. Elevated acetylcarnitine due to the higher activity of CPT1 and CRAT in patients with CVD in T2DM may reflect the state of accumulation of acetyl-CoA exceeding the capacity of the TCA cycle. Increased level of acetyl-CoA in the heart of T2DM patients leads to intensified insulin resistance by inhibiting PDH and increased cholesterol production in liver cells. Both pathways may account for the high CVD risk in T2DM. FA, fatty acid; CoA, co-enzyme A; CPT 1, carnitine palmitoyl transferase 1; MOM, mitochondrial outer membrane; MIN, mitochondrial inner membrane; CPT 2, carnitine palmitoyl transferase 2; IR, insulin resistance; PDH, pyruvate dehydrogenase; CRAT, carnitine acetyltransferase; TCA, tricarboxylic acid.



There were several shortcomings and limitations in our study. Firstly, it was difficult to determine the causal relationship between acylcarnitine and CVD in T2DM due to the cross-sectional nature of the study. Secondly, the levels of short-chain acylcarnitine are influenced by dietary habits. Since we retrospectively retrieved the data from the hospital’s electronic medical records, information regarding diet was not available for further investigation. In order to avoid the bias caused by diet as much as possible, we used fasting samples and adjusted the BMI, LDL-C, HDL-C, and TG. Thirdly, further enzyme analysis was needed to assay the levels of C2-related enzymes to support the conjecture involving related enzymes. Last but not least, the presence of missing values in our lipid index might affect the stability of the results. We reduced this effect by converting missing variables into categorical variables in the analysis. Also, the relationship between C2 and CVD in T2DM did not change significantly after mean and multiple imputations.

There are public health significance and clinical implications in our research. In combination with previous studies, we determined that C2, as a novel target for CVD in T2DM, may reflect the state of acetyl CoA accumulation in T2DM patients with CVD. C2 reflected acetyl-CoA, and its downstream metabolites are helpful in further exploring the pathogenesis of cardiovascular diseases.

In summary, an elevated level of C2 is associated with an increased risk of CVD in T2DM. Prospective studies are needed to further validate this finding and explore the pathological mechanism of CVD in T2DM.
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Background

The pathogenesis of methamphetamine usedisorders (MUDs) remains largely unknown; however, bile acids may play arole as potential mediators of liver injury and psychiatric comorbidities.The aim of this study was to characterize bile acid (BA) profiles in plasmaof patients with MUDs undergoing withdrawal.



Methods

Liver functions and psychiatric symptoms wereevaluated in a retrospective cohort (30 MUDs versus 30 control subjects) andan exploratory cohort (30 MUDs including 10 subjects each at the 7-day,3-month, and 12-month withdrawal stages versus 10 control subjects). BAcompositions in plasma samples from MUD patients in the exploratory cohortwere determined by gas-liquid chromatography.



Results

Both psychiatric comorbidities andmethamphetamine-induced liver injury were observed in patients in both MUDcohorts. The plasma concentrations of the total BA, cholic acid (CA), andchenodeoxycholic acid (CDCA) were lower in MUD patients relative tocontrols. The maximum decline was observed at the 3-month stage, withgradual recovery at the 12-month stage. Notably, the ratios of deoxycholicacid (DCA)/CA and lithocholic acid (LCA)/CDCA were statistically significantat the 3-month stage comparing with controls. Significant correlations werefound between the LCA/CDCA and taurolithocholic acid (TLCA)/CDCA ratios andthe levels of alanine transaminase and aspartate aminotransferase, andbetween the LCA/CDCA ratio and the HAM-A score.



Conclusion

BA profile during METH withdrawal weremarkedly altered, with these unbalanced BAs being associated with liverinjury. The associations between BA profiles and psychiatric symptomssuggest an association between specific BAs and disease progression,possibly through the liver-brain axis.





Keywords: methamphetamine withdrawal, bile acid, psychiatric comorbidities, liver injury, crosstalk



Introduction

Methamphetamine (METH), a potent addictive psychostimulant, wasinitially developed from its parent drug amphetamine, but the prevalence of METH abuse has been significantly increasing (1).According to the 2019 State Council of China report, approximately 56.1% ofregistered drug abusers suffered from some form of METH dependence (The State Council China, 2018 China Drug Situation Report, 2019).

Anxiety and depression, the most common psychiatric symptoms ofpatients with methamphetamine use disorders (MUDs), may persist for 6 months orlonger during its withdrawal (2), and may evenrecur and persist throughout life (1, 3). Our previous cross-sectional study revealedimportant associations between the key neurotransmitters GABA, serotonin andcholine, and the severities of anxiety and depression symptoms in MUDs (4, 5). Despite studies showing that METH is neurotoxic, pharmacologic interventions focusedon modulating monoaminergic pathways have largely failed and no medications to datehave been approved by the U.S. Food and Drug Administration (FDA) for treating METHdependence (6).

In addition to the stimulating and psychotropic effects to the brain(7), METH damages multiple peripheralorgans (8), including the liver, intestines,kidneys, and muscles, of which the liver is the most vulnerable organ (9, 10). For instance, patients with MUDs have shown serological evidence of METH-inducedacute liver injury and chronic liver diseases, and animal models of MUDs have shownhistological evidence of acute hepatotoxicity and oxidative stress (10, 11). Furthermore, associations among METH-induced liver injury, increased peripheral andbrain ammonia, and long-term depletions of dopamine and serotonin have been observedin METH-treated rat models (12–14), suggesting that liver injury may beassociated with the process of neurological impairment in patients with MUDs (11, 15). Thus, these systematic impairments including acute or chronic liver injury mayinterfere with pharmacologic interventions targeting brain dysfunction, leading topoor outcome. To date, however, the underlying molecular mechanisms involving theseassociations among peripheral organs and the CNS have not been extensively investigated.

Bile acids (BAs) are a large group of structurally related moleculesderived from cholesterol and synthesized exclusively in the liver (16). Although BAs were thought to primarilyfunction to expedite the digestion and absorption of dietary lipids and lipophilicvitamins by forming micelles in the small intestine (17), they could function to signal through receptors on various celltypes throughout the body, including the CNS and other organ systems (18). Abnormal circulating bile acid metabolitelevels in the patients with Alzheimer’s disease predicted worse outcomes(19). Alterations in cholesterol and BAmetabolism have been shown to contribute to the development of neurodegenerative andneurological diseases, such as Alzheimer’s disease, Parkinson’s disease,and multiple sclerosis (20–22). Recent reports of gut-based bariatricsurgery suggest that chronically elevate systemic BA concentrations and attenuatecocaine-induced cumulative dopamine increase, and this surgery reducesreward-related behavior and psychomotor sensitization to cocaine in a mouse model (23). Moreover, fecal BA excretion levelhas been shown to correlate with alcohol abuse and abstinence (24). Thus, we hypothesized that peripheral BA profiles mayserve as a potential diagnostic biomarker or therapeutic target for substance usedisorders (SUDs). However, the direct role of BAs in the context of METH dependenceand withdrawal remains unclear.

The present study was designed to investigate thedynamic pattern of BAs in patients with MUDs currently undergoing METH withdrawaland to analyze the correlations among anxiety and depression scales,neurotransmitters, laboratory parameters associated with liver and kidney function, glycolipid metabolism, and BAs. These findings might uncover the crosstalk betweenthe liver and the central nervous system (CNS) and provide clues toward a betterunderstanding of the role of BAs in MUDs.



Materials and Methods


Participant Cohorts

The present study recruited two independent cohorts from a jointprogram of drug detoxification and rehabilitation in the First AffiliatedHospital of Kunming Medical University and the Kunming Drug RehabilitationCenter between July 2017 and October 2019. The retrospective cohort consisted of30 male MUDs undergoing withdrawal and 30 male healthy control subjects (HCs).The exploratory cohort consisted of 30 male MUDs undergoing withdrawal, 10 eachat the 7-day, 3-month, and 12-month withdrawal stages, and 10 age-matched HCs.Subjects were excluded if they had any other Diagnostic and Statistical Manualof Mental Disorders-5 (DSM-5) axis I or II disorders, other than amphetaminedependence; were positive for anti-HIV or anti-HCV antibodies; had anyneurological disorders or serious medical conditions; or were multi-substanceabusers including abuse of an opioid containing acetaminophen, which can causeliver damage.

All protocols and recruitment procedures wereapproved by the Research Ethics Committee of the First Affiliated Hospital ofKunming Medical University (2018-L-42), and all participants provided writteninformed consent before enrollment.



Scale Administration

Interviews with a professionally trainedinterviewer were conducted simultaneously with the collection of biologicalsamples. The HAM-A scale consists of 14 questions, seven elements examining psychological stress and seven examining physical stresses (25). Total scores of < 17, 18~24,25~30, and >30, indicated mild, mild to moderate, moderate to severe, andsevere grades of stress severity, respectively. The HAM-D scale consists of a24-item questionnaire that measures the severity of depressive symptoms, withtotal scores > 20 considered indicative of major depression (26).



Blood Tests

Fasting blood specimens were collected from studyparticipants into 10 mL EDTA-2Na vacuum tubes, and the blood samples werecentrifuged at 1,500 g for 15 min. The plasma was transferred to a new tube andcentrifuged at 20,000 g at 4°C for 15 min. Thesupernatants were aliquoted and stored at -80°C until analysis. Biochemicalparameters were measured using the Beckman Coulter Synchron DxC800 ChemistryAnalyzer (Beckman, USA). Concentrations of neurotransmitters were measured byultra-performance liquid chromatography coupled to tandem mass spectrometry(UPLC-MS/MS; ACQUITY UPLC-Xevo TQ-S, Waters Corp., Milford, MA, USA).



Targeted Metabolomics Analysis of BAs

Samples were prepared and BA concentrations measured as described (27). Briefly, an internal standardsolution containing six internal standards was added to each plasma sample orstandard solution and centrifuged. The internal standard solution contained 100nM concentrations of d4-glycocholic acid (GCA), d4-taurocholic acid (TCA),d4-cholic acid (CA), d4-glycodeoxycholic acid (GDCA), and d4-deoxycholic acid(DCA) and a 200 nM concentration of d4-lithocholic acid (LCA).

BAs were analyzed using a Waters ACQUITY ultraperformance LC system coupled with a Waters XEVO TQ-S mass spectrometer with anESI source controlled by MassLynx 4.1 software. Chromatographic separations wereperformed on an ACQUITY BEH C18 column (1.7 μM, 100 mm × 2.1 mminternal dimensions) (Waters). Raw UPLC-MS data obtained in negative mode wereanalyzed using Target Lynx applications manager version 4.1 (Waters) to obtaincalibration equations and determine the concentrations of each BA in these samples (28).



Statistical Analysis

Demographic, clinical, and biochemical parameterswere compared using SPSS Statistics version 23.0 software (IBM Corp., Armonk,NY, USA). Categorical variables using Chi-squared tests. If each group ofcontinuous variables satisfied both the normality test (Shapiro-Wilk normalitytest) and the homogeneity of variance test (Levene’s test), t-tests wereused to conduct variance analysis between two groups whereas one-way ANOVA wereused to conduct variance analysis among three groups; Else if any group ofcontinuous variables could not satisfy the Shapiro-Wilk normality test or theLevene’s test, Wilcoxon rank-sum Test were used to conduct varianceanalysis between two groups whereas Kruskal-Wallis test were used to conductvariance analysis among three groups. All p values were corrected by Bonferronimethod, an adjusted-p value <0.05 was considered statistically significant.Box plots and correlations analyses were performed and visualized the usingpheatmap, ggplot2 and ggpubr packages in R (v 3.6.3).




Results


Characteristics of the Study Participants

The clinical characteristics of the retrospective cohort(Research cohort 1) are shown in Table 1. Sixty men, 30 MUDs and 30 HCs, aged25–50 years were enrolled. The duration of METH use in the 30 MUDs rangedfrom 61 to 107 months. The major routes of METH administration were smoking andnasal insufflation. There were no significant differences in age, body massindex (BMI), level of education, and self-reported annual income between thesetwo groups (Table 1).


Table 1 | Characteristics of study participants from the retrospective cohort.



To determine the dynamic alterations inpsychiatric symptoms and liver damage during METH withdrawal, a second,prospective cohort (Research cohort 2) was recruited. The demographiccharacteristics of this cohort have been previously described (4, 5) and are shown in Table S1. There were no significant differences in age, BMI,METH-use history, and education level among the three MUD subgroups and betweenthe MUD and HC groups. Although self-reported annual income was not wellbalanced, this was corrected in the subsequent statistical analyses.



Co-Existence of Liver Injury and Psychiatric Symptoms in MUDs

Questionnaires assessing the HAM-A and HAM-D rating scales, whichwere developed to quantify the severity of anxiety and depression, respectively,were administered by experienced interviewers. Compared with the HCs, the MUDsin Research cohort 1 had significantly higher scores on both the HAM-A (p =2.47×10-4) and HAM-D (p = 4.91×10-3)scales. In addition, measurements of liver injury-related blood parameters (Table 1) showedthat plasma concentrations of alanine transaminase (ALT, p =3.78×10-5) and aspartate aminotransferase (AST, p =2.85×10-4) were significantly higher in the MUD than in theHC group. These findings indicate that the MUDs in Research cohort 1 had obviouspsychiatric comorbidities and METH-induced liver damage.

The psychiatric symptoms and blood concentrationsof peripheral neurotransmitters in Research cohort 2 have been reported (5). Blood parameters associated with glucoseand lipid metabolism, as well as liver and kidney function, were also assessed.Both ALT and AST levels were significantly higher in the MUDs than in the HCs (Table S1), consistent with the findings in Research cohort 1.Interestingly, most of the parameters differing in these two groups, includingAST, ALT, and triglyceride (TG) concentrations, as well as scores on the HAM-Aand HAM-D scales, showed greatest significance in the 10 MUD patients at the3-month withdrawal stage. HAM-A scores correlated significantly with theconcentrations of ALT (p < 0.001, r = 0.73), AST (p = 0.006, r = 0.49), TG (p< 0.001, r = 0.58) and LDL-cholesterol (p = 0.01, r = 0.47), whereas HAM-Dscores correlated significantly with the concentrations of AST (p < 0.001, r= 0.78), TG (p = 0.004, r = 0.51) and HDL-cholesterol (p = 0.004, r = -0.52),and the AST/ALT ratio (p = 0.002, r = 0.54). Taken together, these findingsshowed that liver and psychiatric symptoms were altered and correlated with eachother in patients undergoing their first year of METH withdrawal (Figure 1 and Figure S1).




Figure 1 | Associations between liver damage and psychiatric comorbidities after METH withdrawal in the patient cohorts, as determined by Spearman correlation analysis.





Dynamics of Plasma BA Concentrations During METH Withdrawal

BA has been reported to play critical roles in neurodegenerativeand neurological diseases (5, 29). To determine the dynamic changes in BAconcentrations at various stages of withdrawal, 42 BAs were simultaneously evaluated in both MUDs and HCs from Research cohort 2 (Table S2).Intergroup differential analysis showed significant alterations in plasma BAs ofall three MUD subgroups, with similar trends for BA profile and blood parametersassociated with liver and psychiatric symptoms. These variations were greater atthe 3-month withdrawal stage than at the 7-day and 12- month stages. Forexample, the total BA concentration in plasma was significantly lower in all 30MUDs than in the HCs (p = 8.66×10-3). The maximum reductionoccurred at the 3-month stage (p = 5.21×10-3), with theseconcentrations gradually recovering at the 12-month stage (p = 0.59). Theprimary BAs, including CA and CDCA, were significantly lower in all three MUDsubgroups than in the HCs (pCA = 7.44×10-5 &pCDCA = 9.79×10-3), with the greatest reductionsoccurring at 3-months (pCA = 1.08×10-5 &pCDCA = 4.27×10-3). The concentrations ofsecondary BAs, including HCA and UDCA, were significantly lower in all MUDs thanin the HCs (pHCA = 0.01 & pUDCA = 0.02), with only besignificantly lower at the 3-month stage in the three MUD subgroups(pHCA = 3.05×10-3 & pUDCA =4.13×10-3). The concentrations of conjugated BAs such asGCDCA, TCDCA and GCA, were not changed in all MUDs relative to the HCs, while the significance was only observed at the 3-month stage (pGCDCA =0.03, pTCDCA = 0.04, pGCA = 0.04).

Assessments showed that 11 BAs, including four secondary BAs(hyocholic acid (HCA), a-muricholic acid (aMCA), 23-norcholic acid (NorCA), andursodeoxycholic acid (UDCA)), and seven conjugated BAs (THCA,taurochenodeoxycholic acid (TCDCA), ursocholic acid (UCA), glycohyocholic acid(GHCA), glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA), andGLCA-3S), were significantly altered only in MUD patients at the 3-monthwithdrawal stage (Table S2 and Figure 2), suggestingthat alterations in key BAs in MUDs during withdrawal were stage specific.




Figure 2 | Concentrations of bile acids in patients undergoing METH withdrawal and in healthy controls (HCs). Statistical significance were detected in three stages of METH withdrawal compared to HCs. *p < 0.05; **p < 0.01; ***p < 0.001 for between group comparisons. ns, no significance.



In addition, the ratios of selected BAs were calculated toinvestigate the enzymatic activities involved in BA metabolism. The CA/CDCAratio was used to determine the shifts in BA synthesis from the primary to thealternative pathway; the ratios of secondary to primary BAs (DCA/CA andLCA/CDCA) were used to determine the changes in enzymatic activity towardshifted production of secondary BAs; and the GDCA/DCA and TLCA/DCA ratios wereused to determine whether the dysregulation in secondary BAs was correlated withtaurine or glycine conjugation (19). Interestingly, the ratios of CA/CDCA and DCA/CA were differed significantly inthe MUD and HC groups, whereas the other ratios did not differ. Comparisons ofthe three MUD subgroups with the HC group showed that the DCA/CA and LCA/CDCAratios differed significantly only at the 3-month stage. These results suggest that changes in BA metabolism, particularly in the production of secondary BAs,were stage specific in patients undergoing METH withdrawal.

To further determine the associations betweenplasma BAs and liver injury in MUDs, the Spearman correlations between BAprofiles and plasma concentrations of ALT and AST were calculated and analyzed.The LCA/CDCA ratio correlated significantly correlated with both ALT (r = 0.93,p = 5.03×10-4) and AST (r = 0.93, p =1.37×10-4) concentrations (Figure 3). Similarly, the TLCA/CDCA ratiocorrelated significantly with ALT (r = 0.91, p = 2.26×10-4) andAST (r = 0.90, p = 4.33×10-4) concentrations. These resultsindicate that BA profiles during withdrawal are markedly altered, and that theseunbalanced BAs are associated with liver injury in patients with MUDs.




Figure 3 | Associations between plasma bile acid concentrations andliver damage after METH withdrawal, as determined by Spearman correlation analysis. Red indicates positive correlations and blue indicates negative correlations, with darker colors indicating stronger correlations. *p < 0.05; **p < 0.01; ***p < 0.001 for between group comparisons.





Unbalanced Plasma BAs Were Associated With Psychiatric Comorbidities and Neurotransmitters During METH Withdrawal

We also investigated the correlations among BA concentrations,psychiatric comorbidities and neurotransmitter concentrations. Theconcentrations of total BAs, bCA, CA, CDCA, UCA, THCA, GHCA, HCA, UDCA,7_ketoLCA and 3-DHCA were negatively correlated with HAM-A score in MUDs (Figure 4), of which theCDCA and HAM-A score showing the strongest negative correlation (r = -0.57, p =0.001). In contrast, the LCA/CDCA ratios (r = 0.46, p = 0.01) and TaMCA (r =0.42, p = 0.02) correlated positively with HAM-A scores.




Figure 4 | Associations between plasma bile acid concentrations with psychiatric comorbidities and neurotransmitter concentrations after METH withdrawal, as determined by Spearman correlation analysis. Red indicates positive correlations and blue indicates negative correlations, with darker colors indicating stronger correlations.*p < 0.05; **p < 0.01; ***p < 0.001 for between group comparisons.



In addition, CA/CDCA ratios, as well as theconcentrations of CA, GCDCA, NorCA, and THCA, were positively correlated withcholine concentrations, whereas the concentrations of total BAs, CA, CDCA,GCDCA, GHDCA, HCA, THCA, HDCA, NorCA, TCDCA, THDCA, and UCA were positively correlated with GABA concentrations (Figure 4). Interestingly, serotonin concentration correlated only with HCA concentration. Altogether, these results indicated that unbalanced BA profiles were associated with psychiatric symptomsand altered neurotransmitters in MUD patients during METH withdrawal.




Discussion

This study recruited two cohorts of patients with MUDs andage-matched HCs and assessed the concentrations of their circulating BAs,neurotransmitters, and blood parameters related to liver and kidney function andglycolipid metabolism. To our knowledge, this study is the first to show that BAprofiles were significantly altered in patients with MUDs, and that these unbalancedBAs were associated with both liver injury and psychiatric comorbidities in patient sduring the first year of METH withdrawal.

Mood problems (depression and anxiety) and cognitive impairments havebeen associated with liver damage, although these associations were investigatedprimarily in patients with non-alcoholic fatty liver disease (NAFLD) andnon-alcoholic steatohepatitis (NASH) (30). More recently, epidemiological studies have shown that patients with psychosis areat greater risk of presenting with damaged liver function (31), and are at increased risk of chronic liver diseases (32), even during early stages of psychosis (33). Studies using animal modelssuggested that liver dysfunction could reduce METH clearance, increase brain drugconcentrations, and therefore enhance its psychotropic effects on locomotor activityin a dose-dependent manner (34).Hyperthermia-dependent liver damage has been observed in mice after acuteadministration of METH, accompanied by increased plasma aspartate, ALT, and plasmaammonia concentrations (12). Theco-occurrence of liver injury and psychiatric comorbidities was validated in twoindependent cohorts, with ALT and AST concentrations being associated with theseverity of symptoms of anxiety and depression. Although it is unclear whether liverinjury persists along with long-lasting psychiatric comorbidities in MUDs yearsafter withdrawal, this study provides evidence supporting the critical role ofcrosstalk between dysregulation of the liver-brain axis and psychiatric symptomsduring the first year of METH withdrawal.

BAs are the end-products of cholesterol metabolism and are mainlyinvolved in liver, biliary, and intestinal diseases (35, 36). Most primary BAs areproduced in the liver, and can be modified, by conjugation with glycine or taurine,and stored in the gall bladder until they are secreted into gut, where they arefurther modified by enzymes present in gut bacteria to produce secondary BAs (37). During this process, most BAs arereabsorbed and undergo enterohepatic recirculation through the portal venous system,with only a small fraction reaching the systemic circulation. Even though, theselection of plasma BAs could be used as diagnostic biomarkers to distinguishpatients with schizophrenia (38) or diabetes (39) from healthy controls. To elucidatethe role of BAs in the liver-brain axis in MUDs, this study profiled plasma BAs,finding that the concentrations of several key BAs were significantly lower in MUDpatients than in HCs. These BA deficiencies during METH withdrawal were consistentwith psychiatric comorbidities observed in MUDs, providing further evidence that BAshave neuroprotective functions in neurodegenerative diseases (40). The total BA concentration was found to correlatenegatively with both HAM-A and HAM-D scales, but positively correlated with theconcentrations of the neurotransmitters, choline and GABA, suggesting thatexcessively low total BA was associated with worse psychiatric comorbidities. Thistrend was observed for other differential BAs, including CA, CDCA, THCA, HCA, UCA,UDCA, NorCA and GCDCA, although these differences did not reach statisticalsignificance. These results suggest that BA deficiency is an important feature forpatients undergoing METH withdrawal and that BA deficiency may influence neuronalfunctions and enhance the risk of dementia (41). In addition, serum and fecal BA concentrations were shown todecrease in patients of irritable bowel syndrome with constipation (42). Because irritable bowel syndrome involvesinteractions between the intestines and brain and because the constipation phenotypeis very common in MUD patients and animal models of MUD (43, 44), these twoconditions may share some pathophysiological processes, with BA-mediated signalingpathways playing important roles in linking peripheral non-neuronal organ systemswith the CNS (21).

The exact mechanisms underlying the roles of BAs in the liver and CNSare not fully understood. Utilizing mass spectrometry-based targeted metabolomicstechnology and statistical analysis, we measured five selected BA ratios, findingthat the production of secondary BAs was markedly altered in patients undergoingMETH withdrawal, and that the CA/CDCA, TLCA/CDCA and LCA/CDCA ratios were associatedwith ALT and AST concentrations. Mechanistically, altered BA profiles may reflectimbalances in lipid metabolism during METH withdrawal. Hyperlipidemia, especiallyexcess TGs, has been reported to affect the development of neural cognition and mooddisorders through putative mechanisms such as brain blood barrier dysfunction or animbalance in amyloid metabolism (45–47). The present studyshowed that the plasma concentrations of TGs and LDL-cholesterol correlatedpositively with both HAM-A and HAM-D scores, whereas the plasma concentrations ofHDL-cholesterol correlated negatively with HAM-D scores. These findings suggestedthat hyperlipidemia was associated with worse psychiatric comorbidities in patientsduring METH withdrawal.

Altered production of secondary BAs in patients with MUDs mayindicate a significant change their gut microbiota. This hypothesis is supported bystudies showing that alterations in gut microbiota play key roles in the regulationof host metabolism and therefore contribute to severe withdrawal symptoms (48, 49). In addition, altered circulating BAs may affect CNS function by activating FXR inneurons and TGR5 in glial cells, thereby modulating neuroinflammatory andneuropsychiatric behaviors (50). However,this hypothesis has not been experimentally confirmed in patients with MUDs.

This study had several strengths. First, the characteristics ofpatients with MUDs in both cohorts were systematically analyzed. Second, theexploratory cohort included patients at different stages of METH withdrawal, withfindings in these subgroups showing that the critical importance of the time windowfor potential clinical intervention. Third, this study explored clues to peripheralsystems other than the CNS, which are relatively easy to obtain and to be developedas biomarkers. Finally, this study provided in-human evidence that excessively lowBA concentrations and imbalances are adverse factors for psychiatric comorbiditiesand liver injury in METH withdrawal.

This study, however, also had several limitations. First, the samplesizes were relatively small. A study with relative larger sample size shouldhypothetically obtain more accurate results. Second, this was an observational studyshowing statistical associations; therefore, causality could not be determined.Third, because the gut microbiota has been shown to affect the neuropsychiatricbehaviors associated with substance withdrawal (49, 51), future studies shouldinvestigate the association between the composition of gut microbiota and themechanisms of BA metabolism during METH withdrawal.

In conclusion, the present study evaluated the plasmaBA profile in patients with MUDs, finding that deficiencies in overall BAs and inthe production of secondary BAs were associated with psychiatric symptoms as well asMETH-induced liver injury. Additional studies are needed to determine the molecularmechanisms underlying the crosstalk between the liver and the CNS.
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Bromophenols (BPs), known as an important environmental contaminant, can cause endocrine disruption and other chronic toxicity. The study aimed to investigate the potential inhibitory capability of BPs on four human sulfotransferase isoforms (SULT1A1, SULT1A3, SULT1B1 and SULT1E1) and interpret how to interfere with endocrine hormone metabolism. P-nitrophenol(PNP) was utilized as a nonselective probe substrate, and recombinant SULT isoforms were utilized as the enzyme resources. PNP and its metabolite PNP-sulfate were analyzed using a UPLC-UV detecting system. SULT1A1 and SULT1B1 were demonstrated to be the most vulnerable SULT isoforms towards BPs’ inhibition. To determine the inhibition kinetics, 2,4,6-TBP and SULT1A3 were selected as the representative BPs and SULT isoform respectively. The competitive inhibition of 2,4,6-TBP on SULT1A3. The fitting equation was y=90.065x+1466.7, and the inhibition kinetic parameter (Ki) was 16.28 µM. In vitro-in vivo extrapolation (IVIVE) showed that the threshold concentration of 2,4,6-TBP to induce inhibition of SULT1A3 was 1.628 µM. In silico docking, the method utilized indicated that more hydrogen bonds formation contributed to the stronger inhibition of 3,5-DBP than 3-BP. In conclusion, our study gave the full description of the inhibition of BPs towards four SULT isoforms, which may provide a new perspective on the toxicity mechanism of BPs and further explain the interference of BPs on endocrine hormone metabolism.
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Introduction

Bromophenols (BPs), a group of brominated compounds, could come from both synthetic and natural sources. With the development of science and technology, BPs are widely used in herbicides, pesticides, wood protectants, and flame retardants, thus leading to frequent contact with such chemical products in daily life (1), and detected in multiple foods such as eggs, fish, milk, and fat. Humans are the last link in the entire chain of exposure suggesting a wide range of exposure pathways and higher concentrations due to the cumulative effect (2).

Many studies have shown that BPs can cause endocrine disruption and other chronic toxicity. For example, 3-BP, as a potential PBT (persistent, bioaccumulative, and toxic) substance, has significant thyroid hormone activity and estrogen effect. 2,4,6-TBP can disrupt the endocrine system (3) via interfering with the function of the Ca2+ channel in neuroendocrine cells, or it can inhibit the activity of thyroid hormone SULT in human hepatocytes (4). So it is necessary to study the metabolic interference of BPs on endocrine hormones.

Sulfonation as an important phase II metabolism has been known, involved in the metabolism of biomass, drugs and endogenous compounds. Compared with other Phase II enzymes, sulfotransferase (SULT) is regarded as a more vital role in protecting against xenobiotics and in regulating hormone functions during the development of fetal, neonatal, and infant (5–7). In most cases, sulfate conjugation may result in the inactivation of the substrate compounds or increase their water-solubility, thereby facilitating their removal from the body (8). SULTs can catalyze the transfer of the sulfuryl group from 3-phosphoadenosine-5-phosphosulfate (PAPS) to the many substrates such as estradiol and dehydroepiandrosterone (DHEA). 12 kinds of SULT have been found in the human body. Among them, SULT1A1, SULT1A3, SULT1B1, SULT1E1 are more abundant in the human body and metabolize many important endogenous substances (9). SULT1A1 accounts for half of the SULT protein in the liver and is responsible for the metabolism of plane phenols, thyroxine, and estrogen (10). SULT1B1 is the main sulfotransferase expressed in the small intestine, which together with SULT1A3/4 constitutes 67% of the sulfotransferase protein in this tissue (11). Due to a similar structure, its metabolic profile overlaps with that of SULT1A1. SULT1A3 exists in primates with dopamine as the prime substrate. Estrogen sulfotransferase (SULT1E1) is an enzyme that maintains hormone homeostasis and biosynthesis and metabolizes estrogen and iodine adenine.

Several xenobiotics, e.g. polychlorinated biphenyls, halogenated phenol, and dietary polyphenol, have been considered as typical environmental endocrine disruptors, which exist in persistent organic pollutants. However, there is currently no systematic and comprehensive study of BPs on endocrine hormone metabolism. In this study, the inhibitory properties of BPs on SULT were investigated through in vitro enzymatic reactions, which can further interpret environmental pollutants to interfere with endocrine hormone metabolism.



Materials and Methods


Chemicals and Reagents

Eight BPs (2-BP, 3-BP, 4-BP, 2,4-DBP, 2,5-DBP, 2,6-DBP, 3,5-DBP and 2,4,6-DBP) were purchased from J&K Chemical Ltd. (Beijing, China), with purity over 98%. Recombinant human SULT isoforms were obtained from BD Gentest Corp. (Woburn, MA, USA). P-nitrophenol (PNP) and its sulfate PNP-S, Tris-HCl, and MgCl2 were from Sigma-Aldrich (St. Louis, MO, USA), and so is PAPS with a purity of 60%. Acetonitrile was purchased from Tianjin Saifurui Technology Ltd. ultra-pure water was prepared by Millipore Elix 5 UV and Milli-Q Gradient Ultra-Pure Water System. The other reagents were high-performance liquid chromatography (HPLC) grade or the highest grade commercially available.



Enzyme Activity Assays and Kinetic Study

The incubation mixture (12) with a total volume of 200 μL, contained 100 mM of Tris-HCl buffer (pH=7.4), 5 mM of MgCl2, 40 μM of PAPS, SULTs, and PNP. The concentrations of SULT1A1, SULT1A3, SULT1B1 and SULT1E1 were 10 μg/mL, 10 μg/mL, 10 μg/mL and 20 μg/mL, respectively. After 3-min pre-incubation, PAPS was added to initiate the metabolic reaction. The reaction temperature was set to be 37°C, and the reaction time was 30-60 min. 100 μL of ice-cold acetonitrile was added to terminate the reaction. The incubation mixture without BPs was used as a control. After centrifugation at 12,000 rpm, 10 μL of supernatants were analyzed using ultra-performance liquid chromatography (UPLC)-UV instrument. UPLC separation was achieved using a C18 column (4.6*200 mm, 5 μm, Kromasil) at a flow rate of 0.4 mL/min, and the column temperature was 25°C. The mobile phases contained phase A (H2O containing 0.5% (v/v) formic acid) and phase B (acetonitrile). Gradient condition was used as followed: initiated at 5% B, increased to 95% over 2 minute after 6 minute, held constant for 6 minutes. The UV detection wavelength was 280 nm. In order to determine the Michaelis-constant (Km) of PNP metabolites, incubation mixture (total volume=200 μL) contained BPs (100 μM), Tris-HCl buffer (50 mM, pH=7.4), MgCl2 (5 mM), PAPS (4 mM), SULTs and PNP. The corresponding PNP concentrations for SULT1A1, SULT1A3, SULT1B1 and SULT1E1 were 1-400 μM, 0.1-7 mM, 0.1-1 mM and 0.1-1.2 mM, respectively. Incubation and analysis conditions were conducted as described above. The kinetic parameters Vmax and Km were determined by fitting data to the Michaelis–Menten equation or substrate inhibition equation.



Preliminary Screening of Inhibition Capability of BPs on SULTs

The incubation mixture (total volume=200 μL) contained 100 μM of BPs, 100 mM of Tris-HCl buffer (pH=7.4), 5 mM of MgCl2, 40 μM of PAPS, SULTs, and PNP. The concentrations of SULT1A1, SULT1A3, SULT1B1 and SULT1E1 are 10 μg/mL, 10 μg/mL, 10 μg/mL and 20 μg/mL. The concentrations of PNP were 40, 1200, 25, 120 μM for SULT1A1, SULT1A3, SULT1B1, SULT1E1 (based on the Km values). Incubation mixture without BPs was used as negative controls. All incubations were carried out in duplicate.



Half Inhibition Concentration (IC50) and Inhibition Kinetics Determination

Half inhibition concentration (IC50) was conducted by adding 0 μM to 100 μM BPs. The inhibition kinetics were determined with BPs and PNP covering the Km (for PNP) and IC50 values (for BPs). Lineweaver-Burk (L-B) plot was drawn using 1/reaction velocity (v) versus 1/the concentration of PNP ([PNP]) to determine the inhibition kinetic type. In the second plot, inhibition kinetics (Ki) were calculated by the slopes of the lines in the Lineweaver-Burk plots.



In Vitro-In Vivo Extrapolation (IVIVE)

In vitro-in vivo extrapolation (IVIVE) was employed to predict in vivo inhibition possibility for BPs towards SULTs by using the following equation:

	

AUCi/AUC was the predicted ratio of in vivo exposure of xenobiotics or endogenous substances with or without the co-exposure of BPs. [I] was the in vivo exposure concentration of BPs, and the Ki value was in vitro inhibition constant. The AUCi/AUC cutoffs of < 1.25 were considered as an inhibition for a significant in vivo (13).



In Silico Docking

In silico docking was employed to understand the molecular interaction between BPs and SULTs. We constructed the structure of SULT isoforms by homology modeling method with the MODELLER9v14 program. Autodock software (version 4.2) was utilized to dock BPs into the activity cavity of SULT isoforms, respectively. The non-polar hydrogen atoms of SULTs were merged. The grid box was generated with 60 ×60×60 in X, Y, and Z coordinate to cover the entire ligand-binding site. Lamarckian Genetic Algorithm (LGA) method was utilized to study the molecular docking of active domain between BPs and SULTs. The LGA runs were set to 50 runs for each BPs. The best conformation with the lowest docked energy was analyzed for the interactions between BPs and SULTs including hydrogen bonds and hydrophobic contacts.



Data Analysis

The experimental data were presented as the mean value plus standard deviation (SD). Statistical analysis was carried out using GraphPad Prism 5.0. Comparisons between two groups were performed using a two-tailed unpaired Student’s t-test. Multiple groups were compared using a one-way ANOVA.




Results


Kinetic Study and Detection Result

PNP-sulfate was detected at 4.4 min by UPLC, and the substrate PNP eluted at 5.0 min. The metabolism of SULT1A1 to PNP conformed to the substrate inhibition model, and the metabolism of SULT1A3, SULT1B1, SULT1E1 to PNP conformed to the Michaelis–Menten equation (Supplementary Figure 1). The kinetic parameters (including Km, Ki) of PNP catalyzed by SULTs were summarized (Supplementary Table 1).



Preliminary Screening of Inhibition Capability of BPs Towards SULTs

All BPs showed an inhibitory effect on the activity of four SULTs (Figure 1). From the preliminary screening results, we could find some structural properties of BPs for inhibiting SULTs. The introduction of 2-position bromide substituents increased the inhibitory potential of 3-BP and 4-BP towards SULT1A3 and SULT1E1. Similarly, the introduction of 5-position bromide substituents increased the inhibitory potential of 3-BP towards SULT1A3 and SULT1E1. Furthermore, BPs with 2-substituted bromine atoms exhibited severe inhibition potential towards all four tested SULTs isoforms with an inhibition rate above 80%. 3-BP and 4-BP only showed strong inhibition ability towards SULT1A1 and SULT1B1, but not SULT1A3 and SULT1E1.




Figure 1 | The inhibition screening of bromophenols towards SULT1A1 (A), SULT1A3 (B), SULT1B1 (C) and SULT1E1 (D). The data were given as mean value plus S.D. (n=3).*p < 0.05.





Inhibition Kinetics Determination

2,4,6-TBP was selected as the representative BPs to determine the inhibition kinetics. As shown in Figure 2, the concentration-dependent inhibition of 2,4,6-TBP towards SULT1A1, SULT1A3, SULT1B1, and SULT1E1 was proved. The concentration-dependent inhibition of 2-BP, 2,4-DBP, 2,5-DBP, and 2,6-DBP towards SULT1A1, SULT1A3, SULT1B1, and SULT1E1 was given in Supplementary Figures 2–5. The calculated IC50 values for the inhibition of these BPs towards SULT1A1, SULT1A3, SULT1B1, and SULT1E1 were given in Supplementary Table 2. Furthermore, the inhibition type and kinetic parameters (Ki) were determined for SULT1A3 by 2,4,6-TBP. As shown in Figure 3A, the intersection point was located in the vertical axis, indicating the competitive inhibition of 2,4,6-TBP towards SULT1A3. The fitting equation of the second plot was y=90.065x+1466.7 for the inhibition of 2,4,6-TBP towards SULT1A3 (Figure 3B). Based on this equation, the inhibition kinetic parameter (Ki) was calculated to be 16.28 µM.




Figure 2 | Concentration-dependent inhibition of 2,4,6-TBP towards SULTs. (A–D) presents concentration-dependent inhibition of 2,4,6-TBP towards SULT1A1 (A), SULT1A3 (B), SULT1B1 (C) and SULT1E1 (D).The data were given as mean value plus S.D. (n=3). *p < 0.05.






Figure 3 | The Lineweaver-Burk plot of 2,4,6-TBP to SULT1A3. In (A), the horizontal axis represents the value of 1/[PNP]. The vertical axis represents 1/V. V is the velocity of the reaction. Ki values were calculated using the slopes of (B).





In Silico Docking to Elucidate the Inhibition Mechanism

Results of in silico docking showed the influence of the introduction of substituted bromine on the inhibition capability. The binding free energy of 3-BP and 3,5-DBP with SULT1A3 were -5.77 kcal/mol and -6.41kcal/mol, respectively, which is consistent with the experimental results that 3,5-DBP exerted stronger inhibition than 3-BP towards SULT1A3. 3-BP formed one hydrogen bond with SULT1A3 (Figure 4A), and 3,5-DBP formed three hydrogen bonds with SULT1A3 (Figure 4B). Similar results were found in 3-BP and 3,5-DBP towards SULT1E1 (Figures 4C, D). Based on these results, we get the conclusion that more hydrogen bonds formation contributed to the stronger inhibition effect of 3,5-DBP than 3-BP towards SULT1A3 and SULT1E1.




Figure 4 | The activity cavity of between 3-BP, 3,5-DBP and SULT1A3, SULT1E1. 3-BP formed 1 hydrogen bond with SULT1A3 (A) and SULT1E1 (C), respectively. 3,5-DBP formed 3 hydrogen bonds with SULT1A3 (B) and SULT1E1 (D), respectively.






Discussion

In this study, we demonstrated the inhibition characteristics of BPs towards four SULTs isoforms. All of the BPs could inhibit the metabolic activity of four SULTs isoforms. Among them, SULT1A1 and SULT1B1 were the most vulnerable isoforms. 2-substituted bromophenol exhibited severe inhibition potential towards four SULTs. 2,4,6-TBP was selected as a representative BP to determine the inhibition kinetics, including the inhibition type and kinetic parameters (Ki). Based on the IVIVE equation, the threshold value of 2,4,6-TBP was 1.628 µM. 2,4,6-TBP was regarded as the most abundant BP in the human body. The concentrations of 2,4,6-TBP ranged from 27 ng/g lipid to 81 ng/g (0.08 - 0.24 µM) lipid in serum (14) and detected and present at higher concentrations with a mean concentration of 15.4 ng/g lipid (range: 1.31-316 ng/g lipid) (0.004 - 0.95 µM) in placental tissues (15). Therefore, 2,4,6-TBP seemed to exert a low possibility to inhibit the activity of SULT1A3. However, considering the accumulation of 2,4,6-TBP and its association with other toxic substances, the possibility of 2,4,6-TBP inhibiting SULT1A3 in vivo might increase.

It should be noted that there are some studies to demonstrate the substrate properties of BPs for SULTs. For example, a previous study has shown that 2,4,6-TBP is a typical substrate of SULTs (16). UPLC-MS analysis of urine samples has identified the sulfate and glucuronide metabolites of 2-BP (17). Therefore, glucuronidation and sulfation are the main elimination pathways of BPs in humans.

UDP-glucuronosyltransferases (UGTs) and SULTs, the most important phase II metabolic enzymes, are the main endogenous substances that undergo the metabolism catalyzed. For example, both UGTs and SULTs are involved in the metabolic elimination of thyroid hormones (18, 19). The metabolism of estrogen needs the catalysis of SULTs and UGTs (20, 21). Oral administration to 2,4,6-TBP in adult zebrafish and found that reproductive toxicity in addition to perturbed gonadal morphology when exposed to high levels of food at 3300 μg/g dw (22). Although the in vivo concentrations measured in the present study are lower than the in vivo threshold in this study, when both of these pathways are inhibited, the metabolism of estrogen may be significantly disturbed. Therefore, due to the inhibitory effect of BPs on UGTs and SULTs, attention should be paid to the metabolic homeostasis of endocrine hormones.



Conclusion

This study demonstrated the inhibition of BPs towards SULT1. Our results showed that SULT1A1 and SULT1B1 were demonstrated to be the most vulnerable SULT isoforms towards BPs’ inhibition. Structure-inhibition activity relationship analysis showed that 2-substituted bromophenol exhibited severe broad inhibition potential towards four SULTs, and the addition of 5-position bromide in BPs can increase the inhibition capability. In silico docking, we get the conclusion that more hydrogen bonds formation contributed to the stronger inhibition effect of 3,5-DBP than 3-BP towards SULT1A3 and SULT1E1. In vitro-in vivo extrapolation (IVIVE) was performed to predict the threshold value of 2,4,6-TBP to induce in vivo inhibition of SULTs. These results may interpret BPs to interfere with endocrine hormone metabolism.
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Polycystic ovary syndrome (PCOS) is a common reproductive endocrine disease in women of reproductive age. Ovarian dysfunction including abnormal steroid hormone synthesis and follicular arrest play a vital role in PCOS pathogenesis. Hyperandrogenemia is one of the important characteristics of PCOS. However, the mechanism of regulation and interaction between hyperandrogenism and ovulation abnormalities are not clear. To investigate androgen-related metabolic state in granulosa cells of PCOS patients, we identified the transcriptome characteristics of PCOS granulosa cells by RNA-seq. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of differentially expressed genes (DEGs) revealed that genes enriched in lipid metabolism pathway, fatty acid biosynthetic process and ovarian steroidogenesis pathway were abnormally expressed in PCOS granulosa cells in comparison with that in control. There are close interactions among these three pathways as identified by analysis of the protein-protein interaction (PPI) network of DEGs. Furthermore, in vitro mouse follicle culture system was established to explore the effect of high androgen and its related metabolic dysfunction on follicular growth and ovulation. RT-qPCR results showed that follicles cultured with dehydroepiandrosterone (DHEA) exhibited decreased expression levels of cumulus expansion-related genes (Has2, Ptx3, Tnfaip6 and Adamts1) and oocyte maturation-related genes (Gdf9 and Bmp15), which may be caused by impaired steroid hormone synthesis and lipid metabolism, thus inhibited follicular development and ovulation. Furthermore, the inhibition effect of DHEA on follicle development and ovulation was ameliorated by flutamide, an androgen receptor (AR) antagonist, suggesting the involvement of AR signaling. In summary, our study offers new insights into understanding the role of androgen excess induced granulosa cell metabolic disorder in ovarian dysfunction of PCOS patients.




Keywords: polycystic ovary syndrome, ovarian dysfunction, metabolic disorders, in vitro follicle culture, follicular development



Introduction

PCOS is a common reproductive endocrine disorder in women of reproductive age. Characterized by menstrual disorder, hirsutism and acne induced by hyperandrogenism and polycystic ovarian morphology, PCOS affects 5–10% of women worldwide and is the primary cause of anovulatory infertility in women of reproductive age (1). The ovulatory disorder in women with PCOS is due to follicular development arrest, which is associated with the disorder of hypothalamic gonadotropin secretion and hyperandrogenic environment in ovaries (2). However, the precise network regulation mechanism of follicular development arrest by hyperandrogenism remains unclear.

As an important cell type in follicular formation and ovulation, the function of granulosa cells is closely related to anovulation and metabolic disorder in PCOS (3–6). Mounting of evidence supported that the disruption of follicle development and ovulation process in PCOS is associated with granulosa cell dysfunction. It is reported that the activation of endoplasmic reticulum (ER) stress in granulosa cells participated in promoting follicular atresia and anovulation in DHEA-induced PCOS like mouse model (7). Jin et al. further explored the effect of androgen exposure on the function of granulosa cells and found that testosterone significantly induced ER stress and apoptosis of ovarian granulosa cells in vitro, indicating the negative effect of androgen-induced ER stress on follicle development (8). In addition, Li et al. revealed a positive correlation between serum testosterone levels and the expression of autophagy-related genes, suggesting that androgen excess contributed to the activation of autophagy and apoptosis in granulosa cells, which subsequently impairs ovarian function (9, 10). Combined, these results suggested androgens promote apoptosis of granulosa cells in PCOS, while the specific role and mechanism of androgens in regulating follicular growth and ovulation remains unclear.

Metabolic disorders also play a vital role in PCOS pathogenesis. Compared to women with regular ovulation, anovulatory PCOS patients showed obvious dyslipidemia, namely, increased serum cholesterol, triglycerides, and also low-density lipoprotein (LDL) levels and decreased high-density lipoprotein (HDL) levels (11), which were closely related to testosterone levels. In addition, lipid metabolism dysfunction in granulosa cells was also found to contribute to PCOS development (12). In human granulosa cells, oxidized low-density lipoprotein induced cell death and subsequently contributed to ovulatory dysfunction, indicating that disorders of lipid metabolism in granulosa cells may be implicated in PCOS development (13). On the other hand, fatty acid levels were proposed as the predictors of in vitro fertilization outcomes for their bi-directional effect on granulosa cell function and oocyte competence. However, fatty acid profiles in PCOS serum and follicular fluid were both found to significantly differ from that in healthy women, suggesting the important role of granulosa cell metabolic disorders in PCOS development (14). Intriguingly, androgen excess has long been demonstrated to participate in the development of various metabolic disorders in PCOS (15). However, the mechanism of how high androgen exposure promotes metabolic disorders in PCOS granulosa cells remains elusive.

As the basic functional unit of the ovary, ovarian follicle consists of oocyte and surrounding granulosa cells. Folliculogenesis is a vital process for the production of fertilizable and developmentally-competent oocyte, which requires the regulation of various signals including, but not restricted to, hormonal regulation, paracrine signals and the bidirectional communication between oocyte and granulosa cells (4, 16, 17). To better understand the biology and regulatory mechanism of follicle development, various culture methods have been established (18–21). In vitro follicle culture system which uses alginate as the scaffold to preserve the structural integrity and function of ovarian follicle has been established to explore the dynamic of follicle development (22–24). Furthermore, mature oocyte and live birth were obtained from mouse follicles cultured in vitro (25), suggesting the superiority of this system in mimicking folliculogenesis process in vivo. In general, in vitro follicle culture system enables us to investigate the biology of folliculogenesis and oocyte maturation in vitro, which has great significance for fertility preservation and provides an excellent in vitro model to investigate the pathophysiology of ovulatory disorder in anovulatory diseases.

Here we performed RNA-seq analysis to comprehensively reveal the hyperandrogenism-induced functional disorders of PCOS granulosa cells. In vitro mouse follicle culture system was established to examine the effect of hyperandrogenic exposure on the function of granulosa cells and ovarian follicles, with AR antagonist supplied to figure out the action mode of androgen. Overall, this study provides insights into hyperandrogenism induced abnormal follicle development in PCOS.



Methods and Materials


Human Subjects

The study protocol was approved by the Ethics Committee of Peking University Third Hospital according to the Council for International Organizations of Medical Sciences. According to the 2003 Rotterdam criteria, women with PCOS were diagnosed when at least two of the following clinical manifestations occurred: (1) oligo-ovulation and/or anovulation; (2) clinical and/or biochemical hyperandrogenism; and (3) polycystic ovaries. Cushing syndrome, thyroid disease, 21-hydroxylase deficiency, androgen-secreting tumors, congenital adrenal hyperplasia, and hyperprolactinemia should be excluded before the diagnosis of PCOS. Infertile individuals with only tubal occlusion or male azoospermia were recruited as the control subjects. Informed consent has been signed by all participants. The clinical characteristics of enrolled individuals are listed in Table 1.


Table 1 | Clinical characteristics in women with and without PCOS.





Human Granulosa Cell Collection and Culture

We enrolled 6 control and 6 women with PCOS for granulosa cell collection and RNA extraction. Both individuals in control group and women with PCOS were on the first in vitro fertilization cycle. Both individuals in control group and women with PCOS were on the first in vitro fertilization cycle. A gonadotrophin releasing hormone antagonist protocol was applied for all donors. After 36 h of human chorionic gonadotropin (hCG) administration, follicular fluid was obtained from controls and PCOS women through transvaginal ultrasound-guide follicle aspiration. As described previously (26), human granulosa cells were separated with density gradient centrifugation and culture in DMEM-F12 supplemented with 10% fetal bovine serum (FBS), and 1% penicillin–streptomycin (5,000 U/ml) for 12 h, and subsequently collected for RNA extraction.



RNA Extraction and RNA Sequencing (RNA-seq) Analysis

Total RNA was extracted from collected human granulosa cells with TRIzol reagent (15596018; Life Technologies) according to the manufacturer’s protocol. Total RNA from two individuals were mixed for RNA-seq. After RNA quantification and qualification, a total amount of 1μg RNA per sample was used as input material for the RNA ample preparation. Sequencing libraries were generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) following manufacturer’s recommendations and index codes were added to attribute sequences to each sample. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according to the manufacturer’s instructions. After cluster generation, the library preparations were sequenced on an Illumina Novaseq platform and 150 bp paired-end reads were generated. Before data analysis, raw data (raw reads) of fastq format were firstly processed through in-house perl scripts for quality control. In this step, clean data (clean reads) were obtained by removing reads containing adapter, reads containing ploy-N and low-quality reads from raw data. At the same time, Q20, Q30, and GC content the clean data were calculated. All the downstream analyses were based on the clean data with high quality. As to data analysis, raw data (raw reads) of fastq format were firstly processed through in-house perl scripts, at the same time, Q20, Q30, and GC content the clean data were calculated. All the downstream analyses were based on the clean data with high quality. Reference genome and gene model annotation files were downloaded from genome website directly. Index of the reference genome was built using Hisat2 v2.0.5 and paired-end clean reads were aligned to the reference genome using Hisat2 v2.0.5. Significant differentially expressed genes were defined by the criteria of FDR q <0.05 and log2(FC) ≥1. Bioinformatic analysis was performed using the OmicStudio tools at https://www.omicstudio.cn/tool. The data presented in the study are deposited in the GEO database, accession number GSE193123.



In Vitro Culture of Mouse Ovarian Follicles

Used for the mechanical separation of secondary follicles were 18 to 21-day-old C57BL/6J mice. Healthy follicles (intact and round oocyte in the central of follicles, with 2–3 layers of granulosa cells surrounded and covered with intact theca cell layer) were selected for culturing. While atretic follicles (follicles with darken granulosa cells) and damaged follicles (follicles with the extrusion of oocyte or granulosa cells) were excluded at the beginning of in vitro culture. Healthy follicles were incubated in maintenance media (αMEM [32571036, Sigma-Aldrich] with 1% FBS) for 1 h before encapsulation. As described previously (25, 27), each follicle was capsulated with 0.5% alginate (Sigma-Aldrich) to maintain its architecture, and then cultured with 100 μl growth media (αMEM, 3 mg/ml BSA [B2064, Sigma-Aldrich], 1 mg/ml bovine fetuin [F2379, Sigma-Aldrich], 10 mIU/ml recombinant follicular stimulating hormone, 5 μg/ml insulin, 5 μg/ml transferrin, and 5 μg/ml selenium [I3146, Sigma-Aldrich]) in 96-well plate. DHEA (10 μM; HY-14650; Med Chem Express) was supplied into growth media to mimic hyperandrogenic environment in PCOS ovaries, flutamide (10 μM; F9397; Sigma-Aldrich) was supplied into growth media to block androgen receptor. Half of the growth media was changed every 2 days and the supernatants were collected for estradiol detection after culture. Follicles were imaged by fluorescence microscope at each media change. The average length of two perpendicular measurements from basal lamina to basal lamina in ImageJ was considered as the follicle diameter.



In Vitro Maturation of Mouse Ovarian Follicles

On the 6th day of culturing, follicles were released from alginate beads using alginate lyase (A1603, Sigma-Aldrich) and incubated in maturation media (αMEM with 10% FBS, 1%PS, 1.5 IU/ml human chorionic gonadotropin, 10 ng/ml epidermal growth factor [EGF] [PHG0311, Gibco]) for 18 h. After 18 h of incubation, ruptured follicles, ovulated COCs and oocytes were imaged, and the ovulation rate was calculated by observing the ovulation of 7 follicles. The follicular wall of ovulated follicles was ruptured, with ovulated cumulus–oocyte-complex (COC) around. Oocytes with first polar body extrusion were classified as mature oocytes. Every 3 follicles were collected for RNA extraction using RNeasy Mini Kit (74104, QIAGEN).



cDNA Synthesis and Quantitative Real-Time PCR Analysis

cDNA was synthesized from 1,000 ng RNA using the RevertAid First cDNA Synthesis Kit (K1622; Thermo Scientific) according to the manufacturer’s protocols. The primers used for Real-time qPCR are listed in Table 2. Real-time qPCR was performed in an ABI 7500 real-time PCR system (Applied Biosystems) using SYBR Green PCR Master Mix (Invitrogen). The relative expression level of genes was normalized to those of 18S rRNA in mouse and ACTIN in human.


Table 2 | Primer Sequence used in quantitative real-time PCR analysis.





Screening of Hub Genes

The PPI network of the STRING database was applied to reveal the relationship between the DEGs. Then, the network relationship file was downloaded, and the top 10 hub genes were identified in accordance with Cytoscape 3.6.1 and its plug-in (degrees ranking of cytoHubba).



Statistical Analysis

The data are shown as Mean ± SEM. For parametric data, statistical analyses were carried out using SPSS version 23 by two-tailed Student’s t-test or one-way ANOVA with Tukey’s post hoc test and represented with GraphPad Prism version 8.0 (GraphPad Software). For nonparametric data, statistical analyses were carried out by the two-tailed Mann–Whitney U-test or the Kruskal–Wallis test followed by Dunn’s post hoc test. *P <0.05, ** P <0.01, *** P <0.001; #P <0.05, ## P <0.01, ### P <0.001.




Results


Identification of the Transcriptional Landscapes of PCOS Granulosa Cells

To investigate the potential effects of hyperandrogenism on granulosa cells from PCOS patients, we performed RNA-seq analysis on granulosa cells using a PCOS cohort with significantly upregulated serum testosterone and androstenedione levels in comparison with BMI-matched individuals in control group. The raw data of RNA-seq analysis were firstly processed for quality control and downstream analyses were based on the clean data with high quality. According to the heatmap, the transcripts of PCOS granulosa cells evidently differed from that of control (Figure 1A). In comparison with control, a total of 1,172 genes were significantly changed in PCOS granulosa cells, of which 521 genes were upregulated and 651 genes were downregulated respectively in PCOS granulosa cells. Genes encoding inflammatory factors including interleukin-1beta (IL1B) and interleukin-1alpha (IL1A) showed remarkable upregulation in PCOS granulosa cells; besides, the expression of arachidonate 15-lipoxygenase (ALOX15) was also evidently upregulated. ALOX15 is a member of the lipoxygenase family, which plays an important role in polyunsaturated fatty acid metabolism, indicating that metabolic disorders may have occurred in PCOS granulosa cells (Figure 1B). To investigate the specific signaling pathway involved in PCOS pathogenesis, we performed GO enrichment analysis and KEGG analysis of all DEGs and found that DEGs were evidently enriched in immune related pathways, namely, chemokine-mediated signaling pathway and humoral immune response, indicating the possible role of immune factors in PCOS development. In addition, fatty acid biosynthetic process and lipid metabolism-related pathways were also enriched in PCOS granulosa cells (Figure 1C). Furthermore, more than one fifth of the top 50 pathways enriched through GO analysis were metabolic related pathways (Table 3), suggesting that the impairment of metabolic process, especially fatty acid biosynthetic and lipid metabolism pathways may play a vital role in promoting granulosa cells dysfunction in PCOS. Similarly, KEGG analysis of DEGs also suggested the misexpression of genes related to chemokine signaling pathway in PCOS granulosa cells. Moreover, PPAR signaling pathway were enriched in KEGG analysis, suggesting that metabolic state in PCOS granulosa cells evidently differed from that in control, and the enrichment of DEGs in ovarian steroidogenesis may further support the abnormal secretion of steroid hormones by granulosa cells in women with PCOS (Figure 1D). Overall, these results indicated that lipid metabolism disorders are important characteristics of granulosa cells in PCOS patients.




Figure 1 | Identification of the transcriptional landscapes of PCOS granulosa cells. (A) Heatmap of differential expressed genes in the control and PCOS granulosa cells. (B) Volcano plot showing transcriptomic landscapes in control and PCOS group. Significant differentially expressed genes (DEGs) were examined with padj (adjusted p-value) < 0.05. Meanwhile, log2 fold change >1 was set as the threshold for significant differential expression. (C) GO enrichment analysis showing 15 pathways from the top 50 pathways enriched in PCOS granulosa cells; (D) KEGG pathway analysis showing the top 15 pathways involved in PCOS pathogenesis.




Table 3 | GO enrichment analysis of differential expressed genes (metabolic-related pathways in the top 50 GO terms).





Interaction Between Metabolic Disorders and Ovarian Steroidogenesis in PCOS Granulosa Cells

Given the significant enrichment of DEGs in metabolic-related pathways in PCOS granulosa cells, we further analyzed the specific genes involved in these pathways. Among genes involved in the regulation of lipid biosynthetic process, APOC1, APOE, SCAP, SREBF1, and LDLR, which played a vital role in lipid transportation and metabolism, were significantly downregulated in PCOS patients (Figure 2A); some of these genes were also enriched in fatty acid biosynthetic process. ALOX15 and ALOX5AP, members of lipoxygenases which promote oxygenation of poly-unsaturated fatty acids and produce pro-inflammatory agents, were upregulated in PCOS granulosa cells. Misexpression of CYP1A1, which encodes a member of the cytochrome P450 superfamily of enzymes, also contributed to the difference in fatty acid biosynthesis process in healthy control and women with PCOS (Figure 2B). DEGs involving CYP11A1 and CYP19A1 were significantly enriched in ovarian steroidogenesis pathway, and this may be related to abnormal steroid hormone synthesis in PCOS (Figure 2C). Furthermore, the PPI network of these pathways identified a close interaction between ovarian steroidogenesis, lipid biosynthetic and fatty acid biosynthetic process in PCOS granulosa cells. This network had 36 nodes and 125 interactions, indicating that abnormal ovarian steroidogenesis was evidently correlated with lipid metabolism and fatty acid biosynthetic process in PCOS granulosa cells (Figure 2D). Besides, 10 hub genes, including SREBF1, HMGCR, FASN, SCD, INSIG1, FADS2, SCD5, ACSS2, LDLR, and LSS, were identified by Cytohubba (Figure 2E), and the RT-qPCR result indicated the decreased expression of these 10 hub genes, among which SREBF1, SCD, INSIG1, FADS2, ACSS2, and LDLR were significantly decreased in granulosa cells from women with PCOS, which was consistent with the RNA-Seq result (Figure 2F). These results suggested that the impairment of ovarian steroidogenesis and lipid metabolism interact and may contribute to PCOS development.




Figure 2 | Interaction between metabolic disorders and ovarian steroidogenesis in PCOS granulosa cells. (A) Heatmap of differential expressed genes involved in the fatty acid biosynthetic process, (B) lipid metabolism, (C) ovarian steroidogenesis in the PCOS group and control group. (D) Protein–protein interaction (PPI) network between fatty acid biosynthetic process, lipid metabolism, and ovarian steroidogenesis. (E) Ten hub genes (SREBF1, HMGCR, FASN, SCD, INSIG1, FADS2, SCD5, ACSS2, LDLR, and LSS) in the PPI network. (F) mRNA expression levels of 10 hub genes (SREBF1, HMGCR, FASN, SCD, INSIG1, FADS2, SCD5, ACSS2, LDLR, and LSS) in granulosa cells from control and women with PCOS, N = 3. Data were analyzed by two-tailed Student’s t-test (F). All data are presented as the Mean ± SEM.





DHEA Impaired Mouse Follicular Growth, Steroidogenesis and Lipid Metabolism In Vitro

As mentioned above, granulosa cells from women with PCOS were characterized by the disorder of ovarian steroidogenesis and lipid metabolism, whether the dysfunction of granulosa cells may be related to the impairment of follicle growth and ovulation in PCOS remains unclear. To explore the effect of high androgen exposure-induced lipid metabolism disorder on follicular development, we established an in vitro follicle culture system and DHEA was added to simulate the hyperandrogenic environment in PCOS patients. We observed that in the process of in vitro culture, separated secondary follicles in control group gradually grew, oocytes moved to one side of the follicle, thus forming antral in the other side of the follicles (Figure 3A). After 6 days of in vitro culture, follicle diameter could increase from 180 to 360 μm; while supplying DHEA significantly inhibited follicle growth, as the follicles are blocked at 300 μm in diameter (Figure 3B). In addition, steroidogenesis process was also impaired by DHEA as estradiol (E2) levels in the supernatant of DHEA-treated follicles was lower than that in control group during 6 days of culturing (Figure 3C). E2 is an important steroid hormone synthesized by granulosa cells in growing follicles. It supports the development of ovarian follicles; besides, the elevation of E2 concentrations triggers the LH surge via positive feedback effect system, thus inducing ovulation. The decreased E2 levels in DHEA-treated follicles may indicate the impairment of follicle development and ovulation process. We further explored the expression of gene associated with steroid hormone synthesis in follicles. RT-qPCR result showed that Cyp17a1 and Cyp19a1, genes encoding enzymes responsible for the key step in the biosynthesis of androgen and estrogen respectively, were evidently decreased by DHEA (Figure 3D), indicating the impairment of steroidogenesis in DHEA-treated follicles. Moreover, mRNA expression levels of hub genes identified from the PPI network of lipid metabolism, fatty acid biosynthesis and ovarian steroidogenesis were investigated in DHEA-treated follicles. The RT-qPCR result indicated the evident decreased expression of Lss, Insig1and Srebf1, which suggested the impairment of lipid metabolism in DHEA-treated follicles and further verified that androgen excess had metabolically harmful effect on granulosa cells (Figure 3E). Overall, these results suggested that DHEA treatment induced failure of ovarian steroidogenesis and lipid metabolism, which may subsequently contribute to the disruption of follicle development.




Figure 3 | DHEA impaired mouse follicular growth and steroidogenesis in vitro. (A) Representative micrograph of mouse follicles cultured in vitro. (B) Follicle diameters in control and DHEA group, N = 9. (C) Estradiol levels in the supernatant of control and DHEA-treated follicles, N = 3. (D) mRNA expression levels of Cyp17a1, Cyp19a1, and Amh in follicles cultured in vitro, N = 3. (E) mRNA expression levels of Lss, Acss2, Ldlr, Insig1, Srebf1, Fasn, Fads2, and Hmgcr in follicles cultured in vitro, N = 3. Scale bar: 100 μm. Data were analyzed by two-tailed Student’s t-test (B–E). All data are presented as the Mean ± SEM. *P < 0.05, **P < 0.01.





Supplementation of DHEA Inhibited Ovulation via Obstructing Cumulus Expansion

To further investigate the effect of DHEA on ovulation, follicles were released from alginate beads on day 6 and culture with hCG for 18 h. After hCG treatment, we observed that the follicular wall was ruptured, with ovulated cumulus–oocyte-complex (COC) around the ruptured follicle; while no follicular rupture occurred in DHEA treated follicles. We also assessed maturity of follicular oocyte after hCG treatment in two groups. The first polar body extrusion was observed in oocytes denuded from ovulated COCs in control group, whereas oocyte from DHEA group was immature oocyte with germinal vesicle (Figure 4A), indicating the inhibition of DHEA on ovulation and oocyte maturation. Statistical result showed that the ovulation rate in DHEA treated follicles was significantly decreased (Figure 4B), which was consistent with the result of morphological observation. Ovulation is a complicated process, and the interaction between oocyte and surrounding cumulus cells is important for normal ovulation process. As oocyte secreted factors, GDF9 and BMP15 act on follicular cells adjacent to oocytes to modulate granulosa cells functions (17). GDF9 and BMP15 levels have a positively relationship with oocyte maturation (28). In the present study, Gdf9 and Bmp15 mRNA levels were significantly inhibited in DHEA-treated mouse follicles (Figure 4C). Additionally, expansion of the COC is essential to ovulation and female fertility (29), the mRNA levels of cumulus expansion related genes, namely, Has2, Ptx3, Adamts1, and Tnfaip6 were all decreased in follicles treated with DHEA (Figure 4D), thus DHEA could inhibit ovulation by suppressing oocyte maturation and cumulus expansion.




Figure 4 | Supplementation of DHEA inhibited ovulation via obstructing cumulus expansion. (A) The representative micrograph of follicles, ovulated COCs and oocytes after 18 h of maturation. Oocyte with first polar body extrusion was classified as mature oocyte. (B) Ovulation rate of in vitro cultured follicles, N = 3. (C) mRNA expression levels of Gdf9, Bmp15 and (D) Has2, Ptx3, Tnfaip6 and Adamts1 in follicles cultured in vitro, N = 6. Scale bar: 100 μm. Data were analyzed by two-tailed Mann–Whitney U-test or the Kruskal–Wallis test followed by Dunn’s post hoc test (B) and two-tailed Student’s t-test (C, D). All data are presented as the Mean ± SEM.





Flutamide Reversed DHEA-Induced Impairment of Follicle Growth and Ovulation Through Blocking AR

AR is considered as key mediators of androgen actions and play an important role in the development of PCOS (30, 31). As a competitive inhibitor of AR, flutamide exhibited therapeutic effect on reproductive and metabolic disorders in PCOS (32). To demonstrate the role of AR signaling in androgen excess induced failure of follicle development and ovulation, flutamide was supplied to DHEA-treated mouse follicles which grew significantly slower than follicles in control group. Flutamide evidently improved follicle growth as the follicle diameter was significantly higher than that in DHEA-treated only group at days 4 and 6 (Figures 5A, B). In addition, mRNA expression levels of Gdf9 and Bmp15 were significantly decreased in DHEA-treated follicles, while the supply of flutamide significantly reversed the inhibition of DHEA (Figure 5C). Furthermore, the blockage of ovulation in follicles cultured with DHEA was also ameliorated by flutamide. The expression of ovulation-related genes Adamts1 and Tnfaip6 in follicles was disrupted by DHEA, which was significantly improved by flutamide (Figure 5D), indicating the involvement of AR signaling in DHEA induced ovulation disorders. Overall, these results supported that androgen excess induced impairment of follicle growth and ovulation is AR-driven.




Figure 5 | Flutamide reversed DHEA-induced impairment of mouse follicular growth and ovulation in vitro. (A) Representative micrograph of mouse follicles cultured in vitro. (B) Follicle diameters in control, DHEA and DHEA + Flutamide group, N = 7. **P < 0.01, ***P < 0.001 versus Control; #P < 0.05, ###P < 0.001 versus DHEA. (C) mRNA expression levels of Gdf9, Bmp15 and (D) Has2, Ptx3, Tnfaip6 and Adamts1 in follicles cultured in vitro, N = 3. Scale bar: 100 μm. Data were analyzed by one-way ANOVA with Tukey’s post hoc test (B–D). All data are presented as the Mean ± SEM.






Discussion

PCOS is a complicated reproductive and endocrine syndrome which impairs female fertility. The interaction between hyperandrogenism and metabolic disorders plays an important role in PCOS pathogenesis. In the present study, we mainly focus on the effect of androgen on metabolic dysfunction in PCOS granulosa cells. We analyzed the transcriptome characteristics of PCOS granulosa cells by RNA-seq analysis. The results of GO and KEGG pathway analysis showed that ovarian steroidogenesis, lipid metabolism, and fatty acid biosynthetic pathways were significantly enriched and closely interacted with each other in PCOS granulosa cells. To demonstrate the impact of androgen excess induced lipid metabolism and steroidogenesis disorders in granulosa cells on ovulatory disruption in PCOS, mice ovarian follicles were separated and cultured in vitro with DHEA supplementation. It turns out that DHEA supplementation inhibited follicle growth and steroid hormone synthesis in vitro; in addition, the ovulation process and oocyte maturation were also impaired by DHEA. Furthermore, the blockage of AR signalling reversed the inhibition of follicle growth and ovulation by DHEA. Combined, we have characterized the transcriptome of PCOS granulosa cells, and further identified the possible ovulation-inhibited effect of altered ovarian steroidogenesis and metabolic disorders in granulosa cells.

Reproduction is closely connected with metabolic status, as oocyte development process requires the supplementation of various nutrients. According to the analysis of the dynamic metabolome profiles in oocytes during in vivo maturation, lipid and fatty acid metabolism played a vital role in oocyte meiotic process (5). Additionally, the bi-directional interaction between oocyte and granulosa cells has long been proved to play a key role in oocyte growth and maturation (4, 33), indicating the possible correlation between granulosa cells metabolic status and oocyte maturation, which is less investigated in previous studies. In the present study, we compared the transcriptome of granulosa cells from healthy women and women with PCOS, and found that metabolic process and ovarian steroidogenesis were significantly impaired in PCOS granulosa cells through GO and KEGG pathway analysis. Although metabolic pathways were not ranking high, the proportion of metabolic related pathways in top 50 GO terms were relatively large. Lipid metabolism and fatty acid biosynthetic process were significantly enriched in PCOS granulosa cell. More specific roles that androgen-induced metabolic disorders played in granulosa cells dysfunction were further demonstrated in the PPI network. Among the 10 hub genes we identified through Cytoscape, the expression of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), a rate-limiting enzyme catalyzing cholesterol production, was decreased in human PCOS granulosa cells and prenatally hyperandrogenized animals (34), which may be caused by the feedback inhibition of elevated androgen levels in PCOS (35). Besides, the decline of fatty acid desaturase genes 2 (FADS2) expression was also found in women with PCOS, which was correlated with altered androgen levels and dyslipidemia (36). Mediating the uptake of LDL by ovarian follicle cells, LDLR was downregulated in PCOS granulosa cells, which is consistent with previous studies (37, 38). In addition, lipid content in granulosa and cumulus cells may affect likelihood of pregnancy, loss of function of LDLR resulted in impaired lipid uptake and extracellular lipid accumulation, thus leading to hyperlipidemia and poor fertility in mice (39). Overall, our results showed that abnormal lipid metabolism and fatty acid synthetic pathways were closely related to the development of PCOS, while the specific mechanism underlying how these metabolic disorders contributed to ovulatory disorders in PCOS remains elusive. Actually, most of genes involved in these metabolic disorders in PCOS granulosa cells catalyzed fatty acid biosynthesis, cholesterol synthesis and ovarian steroidogenesis, besides, they were all downregulated under hyperandrogenic environment (Figure 6), indicating that the synthesis of fatty acid and cholesterol may be inhibited in PCOS granulosa cells, which may finally contribute to the impairment of oocyte maturation. However, there was no clue indicating changes in the degradation of fatty acid and cholesterol, the true state of fatty acid and cholesterol metabolism in PCOS still needs to be explored.




Figure 6 | Changes of metabolic pathways in granulosa cells under high androgen exposure. Overview of the pathways and enzymes involved in the synthesis of fatty acids, cholesterol and ovarian steroid hormone. The enzymes enriched in the present study are indicated in blue. TCA cycle, tricarboxylic acid cycle; ACLY, ATP-citrate lyase; ACAT, acetyl-CoA acetyltransferase; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGCS, 3-hydroxy-3-methylglutaryl-CoA synthase; FASN, fatty acid synthase; SCD, stearoyl-CoA desaturase; FADS, fatty acid desaturase; ELOVL, fatty acid elongase; LDLR, Low density lipoprotein receptor; CYP17A1, Cytochrome P450 17A1; CYP19A1, Cytochrome P450 19A1.



In terms of the effect of androgen on lipid metabolism, Abruzzese et al. established a prenatally hyperandrogenized rat model and clarified the effect of prenatal androgen exposure on ovarian lipid metabolism (34). Sun et al. compared the steroid and metabolic parameters between women with PCOS and healthy women and found the significantly increased serum androgen levels and upregulated lipid profiles in women with PCOS, which is consistent with previous studies; besides, the cholesterol level was also upregulated in PCOS offspring, indicating that lipid disorders, just like hyperandrogenism and insulin resistance, is a heritable clinical manifestation which may participated in the pathophysiology of PCOS from fetal stage (40). These findings suggested that abnormal lipid metabolism plays an important role in shaping the metabolic and reproductive characteristics in offspring of women with PCOS, in which androgen may participated as well. Recently, Pan et al. reported the reduction of global DNA methylation of PCOS granulosa cells in comparison with granulosa cells from healthy control, which may contributed to the abnormal expression of lipid and steroid synthesis genes for the hypomethylation of their promoters, thus providing a new insight into the possible mechanism that mediating the impact of androgen on lipid and steroid synthesis in granulosa cells (41).

Oocyte and surrounding granulosa cells and theca cells consist of ovarian follicle, the basic functional unit of ovary. In vitro follicle culture system provides an opportunity for studying the independent effect of androgen excess on follicle development and ovulation. By adding DHEA into the in vitro culture system of mice follicles, we found that lipid metabolism and steroid hormone synthesis in follicles was significantly inhibited by DHEA; additionally, the oocyte maturation-related gene expression was also downregulated after DHEA supplementation, and also cumulus expansion-related genes. Overall, these results indicated that lipid and fatty acid metabolic dysfunction could impair the physiological function of ovarian granulosa cells, which subsequently contribute to the disruption of oocyte maturation and ovulation. During the oocyte maturation process, beta-oxidation of fatty acid provides an important source of ATP for maturing oocyte. Besides, 7 out of 8 enzymes catalyzing fatty acid degradation were upregulated in oocyte meiosis (5), indicating that the increasing utilization of fatty acid plays an important role in promoting oocyte maturation. Furthermore, the follicular microenvironment plays a vital role in modulating oocyte maturation and competence. Fatty acid composition in follicular fluid and granulosa cells could influence oocyte quality (42, 43). In the present study, we found that genes encoding enzymes involved in fatty acid biosynthesis were downregulated in PCOS granulosa cells, which may alter the fatty acid profiles in granulosa cells, thus leading to insufficient energy supply for oocyte maturation. Overall, androgen exposure significantly influenced the metabolic status in granulosa cells from women with PCOS and impaired follicle growth and oocyte maturation, while the underlying molecular mechanism remains to be explored in the future.

AR is widely expressed throughout the body and plays an important role in the pathogenesis of PCOS (31, 44). Extra- and intra-ovarian AR actions both contribute to PCOS development. It is reported that DHT promoted the development of adipocytes hypertrophy and the decrease of adiponectin levels, which was disrupted in AR knockout mice (31). Besides, AR signaling also plays a vital role in mediating the effect of androgen in liver lipid metabolism, as hepatic AR-knockout mice was characterized by hepatic steatosis and insulin resistance (45). In addition, AR is expressed by ovarian theca cells, granulosa cells, and oocyte (46), and granulosa cell specific AR knockout mice exhibited estrous cycle disorder and decreased fertilization rate (47). As a specific androgen antagonist, flutamide competitively inhibits androgen receptors and performs a direct blockage of androgenic effect (48). In the present study, flutamide was found to ameliorate DHEA-induced impairment of follicle development and ovulation, which further supported the direct inhibition of androgen excess on follicle development and suggested the involvement of AR signalling in androgen-induced lipid metabolism and fatty acid synthetic disorders in granulosa cell, which provides new insights into the role of AR-driven metabolic dysfunction of granulosa cells in PCOS pathogenesis.

Some limitations in our study, namely, limited number of clinical samples from both control and women with PCOS, and the functional differences between follicles cultured in vitro and follicles grown in vivo should be taken into account. Given the heterogeneity of clinical manifestations and the complexity of pathogenesis in PCOS, it is hard to fully mimic the characteristics of PCOS in vitro. In the current study, DHEA treatment simulate the hyperandrogenic follicular environment of PCOS ovaries in vitro, leading to impaired steroid hormone synthesis, anovulation, and disruption of oocyte maturation, which were partly consistent with the ovarian dysfunctions represented in PCOS patients (49). Taken together, our in vitro follicle culture system provided a new possibility for establishing the in vitro model of PCOS follicle development, and more evidences are needed to confirm this in vitro model.



Conclusion

In summary, ovarian dysfunction is the main cause for infertility in women with PCOS, and the role of hyperandrogenism in promoting ovarian dysfunction cannot be overlooked. Our study illuminates the transcript characteristics of PCOS granulosa cell and declares the interaction between ovarian steroidogenesis and lipid metabolism and fatty acid biosynthetic process in granulosa cells, which is proved to be harmful for follicle growth and ovulation in vitro. Furthermore, AR signalling may be the key mediator of androgen action in hyperandrogenic environment. Overall, these results provide new insights into the mechanism of ovarian dysfunction in PCOS.
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Epidemiological studies have found an increased incidence of colorectal cancer (CRC) in people who undergo cholecystectomy compared to healthy individuals. After cholecystectomy, bile enters the duodenum directly, unregulated by the timing of meals. Disruption of the balance of bile acid metabolism and increased production of primary bile acids, which in turn affects the composition and abundance of intestinal microorganisms. The link among cholecystectomy, the gut microbiota, and the occurrence and development of CRC is becoming clearer. However, due to the complexity of the microbial community, the mechanistic connections are less well understood. In this review, we summarize the changes of gut microbiota after cholecystectomy and illuminate the potential mechanisms on CRC, such as inflammation and immune regulation, production of genotoxins, metabolism of dietary ingredients, activation of signaling pathways, and so on. By reviewing these, we aimed to unravel the interactions between the gut microbiota and its host and be better positioned to develop treatments for CRC after cholecystectomy.
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Introduction

As one of the most common malignant tumors worldwide, colorectal cancer (CRC) ranks second and third in morbidity and mortality rates, respectively, and its incidence is gradually increasing in developing countries (1). It has been estimated that by 2030, the global disease burden of CRC will increase by 60%, and there will be more than 2.2 million new cases and 1.1 million deaths worldwide (2). Moreover, the morbidity and mortality rates of CRC are increasing yearly, particularly, in individuals under the age of 50 (3). Furthermore, there is continuous growth in the overall number of diagnosed cases, which contributes to the increasing disease burden of CRC (2). Therefore, research on the risk factors and pathogenesis of CRC is becoming increasingly essential.

CRC is associated with multiple factors, including genetic susceptibility and environmental factors, which play a greater role in its occurrence and development (4). The gut microbiota is among the various environmental factors recognized in cancer biology. There are more than 3×1013 bacterial cells in the human colorectum, which interact with host cells to regulate many physiological processes. Disruption of the gut microbiota affects the balance of physiological processes, contributing to the development and progression of many diseases, such as inflammatory bowel disease (IBD) and CRC (5–8).

Changes in lifestyle and eating habits are directly linked to an increase in gallbladder diseases (9). Although cholecystectomy is an acceptable standard treatment for gallbladder diseases (2016), there is evidence that it is likely to increase the incidence of CRC (10–13). However, little is known about the mechanisms responsible for this process. There are two major theories on the effects of cholecystectomy on CRC development (1): cholecystectomy may alter the concentration, composition, and excretion rhythm of bile acids, leading to an increase in the content of secondary bile acids, which can continuously stimulate intestinal cells. For example, deoxycholic acid and lithocholic acid directly induce DNA damage and activate signaling pathways, including epidermal growth factor receptor-, Wnt-β-catenin-, and protein kinase C pathways, thereby promoting the occurrence and development of CRC (14) (2). Cholecystectomy causes changes in the composition and abundance of the gut microbiota in both stool and tumor tissues. The main manifestations are a decline in the diversity of the microbiota, particularly, a decrease in beneficial bacteria and an increase in pathogenic bacteria (15–19), including carcinogenic bacteria, such as Fusobacterium nucleatum, enterotoxigenic Bacteroides fragilis (ETBF), Clostridium difficile, and Escherichia coli, which promote CRC development (20–23). A recent study showed that the gut microbiota of patients who underwent cholecystectomy was significantly different from that of healthy people, but similar to that of patients with CRC, which suggests that changes in the gut microbiota in patients undergoing cholecystectomy may activate CRC occurrence and progression (24).

In this article, we described the current knowledge on changes in the gut microbiota after cholecystectomy, the interaction between cholecystectomy and CRC, and potential mechanisms, aiming to clarify the role of gut microbiota alteration on the occurrence and development of CRC after a cholecystectomy.



Epidemiological Relationship Between Cholecystectomy and CRC

In 1978, Capron was the first to report that cholecystectomy could increase the incidence of CRC (25). Subsequently, scholars worldwide conducted a series of studies on the relationship between cholecystectomy and the incidence of CRC, and two studies published in 1981 involving patients in Finland and the United States provided evidence of a significant link between cholecystectomy and CRC (10, 11).

A retrospective study in 2005 analyzed more than 8 million people on a general medicine research database in the United Kingdom and found that cholecystectomy was associated with increased risk of colon cancer, but not rectal cancer (12). Some meta-analyses have also indicated a correlation between cholecystectomy and the increasing risk of CRC. Among these, one analysis included ten cohort studies which indicated a strong correlation between the proximal colon with a history of cholecystectomy and carcinogenesis (13, 26, 27). These results indicate that a history of cholecystectomy is closely associated with the occurrence and progression of CRC.



Effect of Cholecystectomy on Gut Microbiota

Trillions of microorganisms, such as bacteria, viruses, fungi, and other life forms, live inside every person. Various organs show distinct microbial inhabitants, but the inhabitants that have drawn the most attention are those in the colorectum (28). The gut microbiota is a key player in physiological activities, including metabolism of food residues, synthesis of micronutrients (such as vitamins), metabolism of primary bile acids, synthesis of secondary bile acids, regulation of immune responses, and metabolism and production of butyric acid and other substances which provide substances for epithelial cell renewal and mucosal integrity maintenance (29). Of note, the gut microbiota is related to the development of a wide range of digestive diseases, such as IBD, irritable bowel syndrome, and CRC (30–32).

Cholecystectomy induces dramatic changes in intestinal microecology, including the composition and function of the gut microbiota. The changes in the gut microbiota after cholecystectomy are shown in Table 1 (24, 33–37). At the phylum level, the abundance of Fusobacteria increased, whereas that of Proteobacteria decreased. Other phyla, including Bacteroidetes, Firmicutes, and Actinobacteria, showed distinct variations in different studies. Interestingly, the changes in bacterial abundance of Firmicutes and Actinobacteria were similar in all studies, in contrast to the alteration in the bacterial abundance of Bacteroidetes. Different Bacteroides species affect the health of the host in different ways (38–40). For example, ETBF can induce colitis and promote the occurrence of intestinal tumors, while other species, such as Bacteroides vulgatus and Bacteroides fragilis, are associated with the protection of the intestinal barrier. At the genus level, existing research has not reached a consensus. Genera reported with increasing abundance mainly include Anaerostipes, Dorea, Clostridium, Mogibacterium, Flavonifractor, Shigella, and Escherichia, whilst those with reduced abundance include Paraprevotella, Prevotella, Barnesiella, Alistipes, Faecalibacterium, Haemophilus, and Desulfovibrio. Few studies have focused on the species level; Blautia obeum, Veillonella parvula, Bacteroides ovatus, Parabacteroides distasonis, and Fusobacterium varium were found to increase, and Eubacterium rectale, Roseburia faecis, and Bifidobacterium adolescentis were reported to decrease.


Table 1 | Comparison of gut microbiota between patients who have undergone cholecystectomy and healthy individuals.



It was widely reported that Escherichia and ETBF had increased in abundance of CRC patients, promoting CRC development through damaged DNA, and produced toxins. While beneficial bacteria, including Alistipes and Faecalibacterium, which can produce active metabolites, such as butyrate and folic acid and inhibit the occurrence and development of CRC, were significantly reduced in patients with cholecystectomy history (24, 33–37). Due to differences in race, diet, and experimental conditions, changes in the gut microbiota after cholecystectomy are inconsistent. However, all the relevant studies confirm that alterations in the gut microbiota promote CRC occurrence and progression.

Transformation of the gut microbiota after cholecystectomy can be attributed to the following reasons (Figure 1): first, bile excretion regulation weakens or disappears after cholecystectomy; as a result, the bile flows into the intestine continuously (41). This changed pattern is conducive to the growth of bacteria that metabolize bile acid or live through bile-dependent fat decomposition but has adverse effects on the growth of other bacteria, thereby reshaping the gut microbiota. For example, experiments have shown that deoxycholic acid inhibits the growth of Lactobacillus, Bifidobacterium, and other bile-sensitive bacteria (42). Second, cholecystectomy alters bowel movements by changing the biophysical properties, fluid content, and pH of the colorectum, thereby providing favorable or harmful growth conditions for certain bacteria. For example, persistent secretion of bile, which is alkaline, after cholecystectomy, increases the pH value in the intestines, thereby inhibiting the proliferation of acidic-adapted bacteria, including Lactobacillus and Bifidobacterium. Third, changes in immune homeostasis in the intestines after cholecystectomy should be considered. For example, surfactant protein D, an important substance secreted by the gallbladder, can be transported to the intestinal lumen with the entered bile and inhibits the growth of symbiotic bacteria through direct binding. Cholecystectomy unavoidably decreases the level of surfactant protein D in the human intestines, which leads to disorders of bacterial and host-bacterial interactions and affects the natural environment of the gut microbiota (43).




Figure 1 | Role of cholecystectomy in the alternation of gut microbiota.





Role of Gut Microbiota in CRC

CRC development and progression is a multi-factor interaction, in which the role of the gut microbiota is now attracting increasing attention. A study that analyzed the Health Care Claims Database from the United States confirmed the relationship between the recurrence of CRC and disorders of the gut microbiota (44). Widespread use of antibiotics, alterations in diet, obesity, stress, and other risk factors are attributed to disorders of the gut microbiota in young people, which may partly explain their increased risk of CRC (45). A gradual increase in some bacteria and a constant decrease in some bacteria in normal, para-adenoma, adenoma, pericarcinomatous, and cancerous tissues have been found, suggesting that bacterial distribution may act as an essential factor in CRC development (46). Yu et al. conducted metagenomic sequencing of the stool samples of patients with CRC and healthy individuals and found significant differences in the composition of the gut microbiota between the two groups (47). Fecal bacterial transplantation studies were conducted, and the incidence of CRC in mice inoculated with stool samples from patients with CRC increased. The gut microbiota in the stool of patients with CRC can activate the intestinal mucosal immunity of mice and induce inflammation, so as to promote the proliferation of epithelial cells and induce the development of CRC (48). A number of clinical and animal studies have clarified the relationship between the gut microbiota and CRC and identified specific bacteria as key factors that affect the occurrence and development of CRC (19, 46, 47, 49–58), as summarized in Table 2, including relevant studies in the past decade, reflecting the differences in the gut microbiota between patients with CRC and healthy individuals. The diversity of the gut microbiota in patients with CRC was lower than in healthy individuals, with a decrease in beneficial bacteria and an increase in pathogenic bacteria. For example, Fusobacterium nucleatum, Campylobacter, ETBF, and Escherichia coli that express the polyketide synthase gene (pks+ Escherichia coli) were enriched in the intestines of patients with CRC, induced inflammation, damaged DNA, and produced toxins, thereby promoting CRC development. Beneficial bacteria, including Bifidobacterium, Lachnospira, Alistipes, and Faecalibacterium, which can produce active metabolites, such as butyrate and folic acid and inhibit the occurrence and development of CRC, were significantly reduced.


Table 2 | Comparison of gut microbiota between patients with colorectal cancer and healthy individuals.



Patients who underwent cholecystectomy and those with CRC had similar gut microbial changes, an increased abundance of pathogenic bacteria, including Escherichia, Clostridium, and Dorea, and a decrease in beneficial bacteria, including Prevotella, Alistipes, and Faecalibacterium (24, 33–37). The gut microbiota can regulate the biological behavior of the host through direct cell interactions and in a metabolite-dependent manner. In addition, intestinal inflammation caused by the gut microbiota, secretion of flora-derived factors, such as genotoxins to induce DNA damage, production of metabolites, and direct activation of carcinogenic signaling pathways are major factors in CRC development. Next, we proposed to focus on the role of the gut microbiota in the process of CRC and the carcinogenic mechanism of gut microbiota alterations after cholecystectomy (Figure 2).




Figure 2 | Role of the gut microbiota in the process of CRC and the carcinogenic mechanism of gut microbiota alterations after cholecystectomy.




Inflammation and Immune Regulation

Inflammation is an established risk factor of CRC carcinogenesis. Patients with IBD are more susceptible to CRC than the general population (59, 60). Inflammation plays a key role in the development of colitis-associated cancer, even in CRC unrelated to IBD, and the levels of pro-inflammatory cytokines are increased (61). The gut microbiota has the potential to form an inflammatory microenvironment and, vice versa, inflammation may affect gut microbiota composition. Colon polyposis in Apcmin/+ mice is accompanied by the accumulation of microorganisms in the polyps, triggering a local inflammatory response (Dennis etal. (62). Besides, defective expression of alarmin/IL-33 renders mice highly susceptible to probiotic microbiota-promoted IL-1α-dependent colitis and colitis-associated cancer (63). Gavage with stool samples from patients with CRC caused enhanced inflammation and intestinal adenoma development in a sterile mouse model (48), indicating that specific components of the gut microbiota promote the occurrence and development of CRC through the activation of inflammation. For example, enriched Fusobacterium nucleatum and Escherichia coli in the intestines of patients with CRC can activate the nuclear factor kappa B (NF-κB) signaling pathway and drive the infiltration of myeloid cells in the tumor, producing a pro-inflammatory environment that is conducive to the progression of colorectal tumors in Apcmin/+ mice (64, 65). ETBF can trigger an inflammatory cascade involving interleukin 17, signal transducer and activator of transcription 3, and NF-κB conduction in colonic epithelial cells via the production of a metalloproteinase toxin, promoting the local inflammatory environment in the intestines and inducing carcinogenesis (66). Cholecystectomy increases the abundance of Escherichia coli and decreases the abundance of Faecalibacterium, which can secrete small-molecule anti-inflammatory substances to inhibit intestinal inflammation (36, 50).

Intestinal homeostasis is achieved by the continuous interaction between the intestinal microbiome and the host immune system. Once this balance is disrupted, a variety of diseases, such as IBD, appear due to immune system dysfunction (67). In mice, BFT+ B. fragilis colonization was able to induce Th-17-mediated colitis and distal CRC in an IL17-mediated NF-κB upregulation-dependent manner in the APCmin/+ mouse model (40), as demonstrated by Chung et al. (68) who observed repressed BFT-induced tumor formation in APCmin IL17/IL17 mice. Furthermore, it is reported that an accumulation of regulatory T-expressing cells (Treg) cells in APCmin/+ mice after BFT colonization, which could be a trigger for IL17-mediated pro-oncogenic inflammatory responses. Certain probiotics, such as Bifidobacterium infantis (69) and Bifidobacterium breve (70), are able to activate intestinal dendritic cells (DCs) by interacting with Toll-like receptors (TLRs) and inducing retinoid metabolism, leading to the release of Foxp3+ Treg and type 1 regulatory T cells (Tr1) and IL-10 (71).



Production of Genotoxins

Another carcinogenic mechanism of the gut microbiota is the production of genotoxins, which may interact with intracellular signal cascades or result in mutations by binding to particular cell surface receptors and it could also damage DNA. Colibactin is a characteristic toxin produced by Escherichia coli, which induces double-strand DNA breaks in intestinal cells, causing cancer through its deoxyribonuclease activity (72–74). In addition, the enriched ETBF in the intestine of patients with CRC can produce a metalloproteinase toxin, which initiates cell proliferation, activates c-Myc expression, increases polyamine metabolism, and induces DNA damage, thereby promoting the occurrence and development of CRC (75). Furthermore, Salmonella typhi secretes virulence protein A, which enhances the development and proliferation of colon tumors (76). Interestingly, although many genotoxins can cause tumors, recent research has indicated their potential use in cancer therapy (77). For example, Clostridium perfringens enterotoxin is a pore-forming toxin with selective cytotoxicity, which rapidly and effectively kills tumor cells (78). Several genotoxins have been studied as therapeutic tools for cancer, including CRC (79); however, their role as a cancer promoter is beyond doubt.



Metabolism of Dietary Ingredients

Metabolism is an essential process in the interaction between the host and the microbiome. Genes encoded by the microorganisms can metabolize several dietary nutrients, including host-indigestible carbohydrates, such as dietary fiber, and host endogenous compounds, such as bile acids. Bacteria in the intestines produce a series of metabolites, including secondary bile acids, sulfides, ammonia, nitrosamines, and short-chain fatty acids (SCFAs), which are involved in the occurrence and development of CRC.

A substantial accumulation of primary bile acids in the intestines was discovered after cholecystectomy, and the enriched Bacteroides ovatus and Parabacteroides diundi due to cholecystectomy metabolized primary bile acids into secondary ones, which participated in cell proliferation, apoptosis, DNA injury, and other processes, promoting CRC carcinogenesis (24, 80, 81). Dietary fiber is metabolized and decomposed into SCFAs, including acetate, propionate, and butyrate, in the colon. Among them, butyrate (the most widely studied SCFA) regulates cell proliferation, apoptosis, and differentiation to inhibit CRC (82, 83). Cholecystectomy drastically reduced the abundance of intestinal bacteria responsible for metabolizing butyrate, including Faecalibacterium and Roseburia faecis, thereby decreasing the expression level of butyrate and promoting the occurrence of CRC (24). Broutella ovale and Veillonella parvula, which can activate azo reductase and produce toxic ammonia substances which promote the occurrence of CRC, were observed in patients who underwent cholecystectomy (35). Additionally, the gut microbiota can also destroy the mucus barrier function by producing sulfide, thereby intensifying the stimulation of intestinal cells (84). For instance, cholecystectomy significantly decreased the abundance of Desulfovibrio, producing more sulfides and leading to metabolic disorders, thereby stimulating intestinal epithelial cells and promoting carcinogenesis (34).



Activation of Signaling Pathways

Multiple signaling pathways, such as the ﻿epithelial growth factor receptor (EGFR), Wnt/β-catenin, NF-κB, and transforming growth factor-beta pathways, are involved in CRC development. Notably, the gut microbiota activates host carcinogenic signaling pathways.

The EGFR signaling pathway is closely related to the proliferation, apoptosis, and survival of colonic epithelial cells. Activation of the EGFR signaling pathway by secondary bile acids is achieved mainly by disturbing the structure of the cell membrane (reduced membrane fluidity, altered membrane cholesterol distribution), binding to natural ligands (e.g., epidermal growth factor), or inducing calcium signaling-mediated non-dependent activation of ligands (85). Activation of EGFR activates downstream MAPK/RAS/RAF/MEX/extracellular signal-regulated kinase/proto-oncogene activator protein-1, which in turn mediates cell proliferation and activates RAS/RAF1/extracellular signal-regulated kinase signaling pathway leading to upregulation of mucin 2, also activates the phosphatidylinositol 3 kinase/Akt signaling pathway, which regulates downstream target molecules such as Caspase-8, leading to apoptosis (86, 87). When it comes to practical clinical applications, using biomarkers to target anti-EGFR treatments for metastatic CRC is well established, while the anti-EGFR antibody cetuximab is only effective against a subgroup of CRC (88, 89).

Wnt/β-linked protein signaling plays a key role not only in maintaining intestinal homeostasis but also in regulating the proliferation of CRC cells. The Wnt/β-linked protein classical signaling pathway regulates the expression of Wnt/β-linked proteins through the binding of Wnt ligands to Frizzleds receptors. The Wnt/β-linked protein can transfer to the nucleus and interact with T-cell factor and lymphatic enhancer transcription factors to modulate the transcription of downstream gene targets (survivin, Cyclin D1, and c-Myc) and affect the cell cycle pathway (90). A marked accumulation of Fusobacterium nucleatum, which expresses FadA adhesin on its surface, was found in patients with CRC. FadA adhesin stimulates CRC cell growth by increasing the expression of inflammatory genes, oncogenes, and transcription factors by binding to E-cadherin, activating the Wnt/β-catenin signaling pathway, and promoting the transcription of oncogenes (91). Fusobacterium nucleatum can also directly activate toll-like receptor signaling to promote tumor development (92).

NF-κB is a key regulator associated with inflammation and cancer on multiple levels (93). The NF-κB signaling pathway regulates many genes involved in different cellular processes, such as cell differentiation, proliferation, genomic stability, and immune responses (94), and its activation is involved in the occurrence and development of CRC. Escherichia coli, Fusobacterium nucleatum, and ETBF, which are enriched in patients with CRC, are involved in the modulation of this pathway (95). Mechanistically, Escherichia coli activates NF-κB through increased phosphorylation of transcription factor 65 and inhibitor of NF-κB kinase alpha, inactivation of inhibitor of NF-κB alpha, and induction of the Wnt/β-catenin pathway by upregulation of β-catenin and its downstream genes (96). The hyperactivation of NF-κB was also found in CRC tissues with abundant Fusobacterium nucleatum. Furthermore, ETBF activates the NF-κB pathway by stimulating intracellular interleukin 17 secretion in Apc min/+ mice (68).

However, most of the existing research on cholecystectomy is focused on clinical studies, and there is a lack of in-depth mechanistic investigation after cholecystectomy. More studies are needed in the future to elucidate the changes in signaling pathways after cholecystectomy.




Conclusion and Perspective

Epidemiological studies on CRC and cholecystectomy have proved the correlation between these two parameters and indicated that changes in the gut microbiota may be a vital intermediate link. In this review, we summarized the changes in the gut microbiota after cholecystectomy. With the variability of sequencing technologies and the complexity of bacterial populations, the conclusions were not unanimous among the studies. Despite this, the differences in the gut microbiota between patients who underwent cholecystectomy and healthy individuals have been proven, and alterations of the gut microbiota affect the development of CRC. Based on previous studies, alterations in the gut microbiota after cholecystectomy may lead to intestinal inflammation, increased metabolism of harmful substances (such as secondary bile acids), and reduction of secretion of beneficial substances (such as butyrate), resulting in the progression of CRC.

There are some potential problems with the current research on the relationship between altered gut microbiota and CRC after cholecystectomy, the results of studies on gut microbiota may vary by race, and different sequencing methods could also affect the results. In addition, alterations of gut microbiota in stool samples cannot fully reflect the tumor microenvironment. And few studies have focused on the role of beneficial bacteria in CRC. In the future, it is necessary to pay attention to the gut microbiota in cancerous and pericarcinomatous tissues and detect the changes in the local microbiome on the occurrence and development of CRC. And a decrease in abundance of beneficial bacteria should also be watched, which may be a potential therapeutic target in CRC. With the rapid development of high-throughput sequencing technology, in-depth information can be provided to understand the links between CRC, cholecystectomy, and the gut microbiota. Notably, different bacterial species of the same genus had mixed efficacy. Therefore, further studies should focus on the changes and function of the gut microbiota in patients who have undergone cholecystectomy at the species level. Hopefully, this approach will elucidate how CRC, cholecystectomy, and gut microbiota interact, allowing therapies to be targeted to individual microbiological, cancer, and lifestyle factors.

Studies on gut microbiota and CRC aim to clarify the mechanisms employed by gut microbiota in the development of CRC and further apply them to the screening, diagnosis, treatment, and prevention of CRC. For instance, Yu et al. discovered a new fecal bacterial marker (‘m3’ from a Lachnoclostridium) that can be used for the diagnosis of colorectal adenoma and CRC. This is superior to other stool-based tests such as fecal microbiota transplantation (FMT) and may be used for the early screening of CRC in the future (97). In addition, there are more clinical studies on techniques such as oral probiotics and FMT. Recent studies have found that the probiotic bacterium Lactobacillus reuteri and its produced antimicrobial compound, reuterin, can inhibit the development of CRC by depleting glutathione and inducing oxidative stress in CRC cells, resulting in protein oxidation and impaired ribosome activity. When CRC mice were orally administered Lactobacillus reuteri, remission, tumor shrinkage, and prolonged survival were observed in the mice (98). Recently, experimental studies on the efficacy of FMT have focused on animal models. A recent study reported that FMT from wild to laboratory mice improved host adaptation and resistance to dextran sodium sulfate/azoxymethane-induced colorectal tumorigenesis, and thus a normal gut microbiome plays a protective role in the development of CRC (99). Furthermore, the effectiveness of immunotherapy seems to be strongly influenced by the composition of the gut microbiota. Oral administration of probiotics, such as Bifidobacterium (100) and Akkermansia muciniphila (101), or FMT (102) from treatment-responsive patients greatly enhanced PD1-based immunotherapy and eliminated tumor growth through enhancing dendritic cell and T-cell responses. At present, there are several ongoing international clinical trials to validate the effect of gut microbiota on CRC chemotherapy (NCT04021589, NCT04131803, NCT01579591).

Currently, cholecystectomy is still the preferred treatment option for gallbladder stones, gallbladder polyps, and cholecystitis. Cholecystectomy is a very routine procedure and more and more patients are undergoing cholecystectomy. However, the possible induction of colorectal after cholecystectomy is getting attention, and its specific mechanism has not been elucidated yet. To clarify the specific mechanism of CRC induced after cholecystectomy can interrupt the development of CRC in a targeted way. The change of gut microbiota after cholecystectomy is an important cause of CRC, and further research on specific species of bacteria and their mechanisms will provide important methods to prevent CRC in the future. As research progresses, dietary intervention with probiotics or prebiotics, or changes in diet could potentially be an effective way to prevent CRC in patients with cholecystectomy history in the future.
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The increasing prevalence of metabolic syndrome has become a serious public health problem. Certain bacteria-derived metabolites play a key role in maintaining human health by regulating the host metabolism. Recent evidence shows that indole-3-propionic acid content can be used to predict the occurrence and development of metabolic diseases. Supplementing indole-3-propionic acid can effectively improve metabolic disorders and is considered a promising metabolite. Therefore, this article systematically reviews the latest research on indole-3-propionic acid and elaborates its source of metabolism and its association with metabolic diseases. Indole-3-propionic acid can improve blood glucose and increase insulin sensitivity, inhibit liver lipid synthesis and inflammatory factors, correct intestinal microbial disorders, maintain the intestinal barrier, and suppress the intestinal immune response. The study of the mechanism of the metabolic benefits of indole-3-propionic acid is expected to be a potential compound for treating metabolic syndrome.
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Introduction

Metabolic syndrome is defined as a group of interrelated comprehensive diseases characterized by visceral obesity, hypertension, hyperlipidemia, atherosclerosis, and insulin resistance. Metabolic syndrome, including overweight/obesity, type 2 diabetes (T2D) (1, 2), non-alcoholic fatty liver disease (NAFLD) (3), and cardiovascular disease (CVD) (4) has become a severe public health problem (5). Accumulating evidence has linked intestinal microbe imbalance or compositional changes with the pathogenesis of metabolic diseases (6). Intestinal microbes produce functional metabolites that regulate intestinal endocrine function and neural signals, regulate energy metabolism, and affect host immune mechanisms and homeostasis (7). Functional metabolites serve as potential markers of disease and transfer to distant organs through the intestinal barrier–peripheral circulation, affecting the metabolic phenotype of the host (8–10). Therefore, the link between functional metabolites and metabolic diseases has received increasing attention.

Indole-3-propanoic acid (IPA) is a tryptophan (Trp) metabolite produced by intestinal bacteria that is closely associated with diet. IPA has received increasing attention in recent years because of its close correlation with metabolic diseases. Recent studies have found that IPA content can predict the occurrence of obesity (11), T2D (12), NAFLD (13), and CVD (14).

In recent years, supplementation with IPA has been shown to improve blood glucose, increase insulin sensitivity (15), inhibit liver lipid synthesis and inflammatory factors (16), correct intestinal microbial disorders (17), maintain the intestinal barrier, and suppress the intestinal immune response (18). Here, we systematically reviewed the latest research on IPA, its association with metabolic diseases, and its role in metabolic disorders, and discuss its future research directions.



IPA Is the Metabolite of Trp in the Intestine

IPA is a metabolite produced by the microflora of dietary Trp that accumulates in the host serum and exhibits high individual differences (19). Under physiological conditions, serum IPA concentrations range from 1 to 10 µM in humans (20, 21)

Trp is an essential amino acid from the host diet for use in protein synthesis (22). Trp is primarily metabolized through the 5-HT (23), canine uric acid (24), and intestinal microbial pathways. Indole-3-pyruvic acid (IPyA) is converted from Trp in the presence of an aromatic amino acid aminotransferase. IPyA is a precursor of indolelactic acid (ILA), and phenyllactate dehydrogenase is involved in this reduction reaction. Bacterial species containing phenyllactate dehydratase (fldBC) and its activator acyl-CoA ligase convert ILA to indoleacrylic acid (IA) through dehydration. IA can be further converted into IPA by acyl coenzyme A dehydrogenase, which is the final product of the reductive metabolism of Trp (Figure 1) (24–26). The most abundant metabolite of Trp in the intestine is indole, followed by indole-3-acetic acid and IPA (27, 28).




Figure 1 | IPA is the metabolite of Trp in the intestine.



The metabolism of IPA in the body is affected by enzyme activity and intestinal microbes. Liquid chromatography–mass spectrometry (LC-MS) analysis was used to compare the plasma samples of sterile and conventional mice. The production of IPA was found to be entirely dependent on intestinal microbes. Colonization with Clostridium sporogenes and Clostridium botulinum can promote the concentration of IPA in the plasma (29, 30). Recently, the study found that, among 36 bacterial isolates cultured in Trp-containing medium, 4 (Peptostreptococcus anaerobius CC14N and 3 Clostridium cadaveris strains) were capable of producing IPA. Simultaneously, the presence of FLDC, a homologous cluster of the fldBC gene cluster, was found to be a reliable marker for IPA-producing bacteria (25). Other bacteria, such as Lechevalieria aerocolonigenes, can synthesize IPA through Trp deamination catalyzed by amino acid oxidase (31). Therefore, IPA is an important indicator of microbial metabolism.

In a study on the metabolic benefits of Trp, the Trp diet led to a decrease in mouse body weight (32); however, the mechanism was not elucidated. In another study, it was found that a diet supplemented with neomycin and Trp led to an increase in rat body weight, which was related to the significant change in the concentration of Trp-derived bacterial metabolites in the feces and blood. Further studies showed that the change in body weight increase was most relevant to the change in the concentration of the Trp metabolite IPA. The body weight gain in rats treated with IPA alone was two times lower than that in rats treated with the vehicle, suggesting that IPA might be an effector metabolite between a Trp-rich diet and lower body weight gain (33). Therefore, for the Trp-IPA metabolic pathway, the development of related probiotics, and the promotion of the production of IPA, we need to pay attention to the study of probiotics in the treatment of metabolic syndrome in the future.



IPA Concentrations Affected by Dietary Intervention

Diet significantly impacts NAFLD, T2D, obesity, CVD, and metabolic disorders (34, 35). Therefore, we explored the relationship between IPA and diet. IPA was the metabolite most significantly and consistently related to both total carbohydrate and fiber intake (r = 0.28, p = 9.1 × 10−5 and r = 0.23, s = 0.001, respectively), including whole grain wheat, rye, and whole grain rye intake (12). In another study, 117 overweight adults were randomly divided into two groups. Based on the same diet, they were supplied with fried meat or not. The study found that the participants who consumed fried meat had higher lipopolysaccharide (LPS), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-10 levels (p < 0.05). Fried meat intake lowered microbial community richness and decreased Lachnospiraceae and Flavonifractor abundances while increasing Dialister, Dorea, and Veillonella abundances [p false discovery rate (FDR) < 0.05], which caused a significant decrease in the fecal metabolite IPA content (36).

In a diet study, 10 healthy participants were randomly fed a Western or Mediterranean diet for 4 days, and feces were collected for 16s RNA and metabolomics after 4 days. Different diets altered the intestinal flora structure. Simultaneously, IPA content in feces was significantly increased with the Mediterranean diet but decreased in the Western diet (37). This suggests that diet can affect the composition of intestinal microorganisms within a short time (38); however, the long-term effect and stability of the microbial structure are not apparent. Promoting the increase in IPA content may be an effective way to improve the metabolic benefits of the Mediterranean diet.

In the correlation experiment between 11 types of Trp metabolism levels and T2D events in the circulation of 9,180 participants from five cohorts, it was found that intake of fiber-rich foods, rather than protein/Trp-rich foods, and peripheral IPA content were positively correlated. Further research found that higher milk and fiber intake can improve the metabolism of Trp in the circulation of patients with T2D, but only in individuals with non-persistent genetic lactase (39). This suggests that diet can interfere with host–microbe interactions and affect the metabolism of Trp-IPA in the host. The effect of the metabolic benefits of a healthy diet is partly due to the promotion of IPA production in circulation.



Role of IPA in Metabolic Diseases

We mainly discuss the relationship between IPA and various metabolic diseases, including obesity, T2D, NAFLD, and CVD, and focus on the potential connection between IPA and illness.


IPA as a Potential Biomarker of Obesity and its Association With Inflammation

Obesity is a complex pathophysiological disease and one of the causes of metabolic syndrome, which is characterized by chronic low-grade inflammation. In 85 obese adults (average BMI = 40.48) and 42 non-obese control individuals (average BMI = 24.03), the serum IPA content was significantly lower in obese patients and was compared with BMI, serum high-sensitivity C-reactive protein (hsCRP), and high-sensitive interleukin 6 (hsIL-6), and the hsCRP and hsIL-6 levels were negatively correlated (40). This suggests that the indole metabolic pathway of Trp is affected in obese patients, which may be related to obesity-related systemic inflammation. However, in obese patients who underwent Roux-en-Y gastric bypass surgery (RYGB) operation, the level of IPA in the blood increased substantially 3 months post-surgery compared with 1 week post-surgery (40). This suggests that IPA content can be used as a marker for obesity. In future research, it will be necessary to perform correlation analyses between IPA and obesity-related complications to provide new diagnostic methods for invasive diagnosis of diseases and to predict obesity-related complications.



IPA as a Potential Biomarker for Predicting the Risk of T2D

Current studies have found that IPA content is closely related to T2D and can predict the risk of T2D, distinguish different stages of T2D, and decrease with the improvement of T2D. IPA can be used as a biomarker of disease progression. When studying the brain–gut–microbiota characteristics of women with obesity and food addiction, a negative correlation was found between IPA in serum and food addiction (41). Bariatric surgery, such as RYGB, can improve T2D, obesity, NAFLD, and other metabolic diseases (42). In clinical studies, IPA content in the peripheral blood of obese patients with T2D was significantly lower than that in healthy participants. The IPA content in blood samples of these patients 3 months post-RYGB surgery was significantly higher than that in blood samples 1 week post-surgery (11).”XenoScan,” a metabolomics platform established by the University of California, Davis, used LC-MS to characterize a series of intestinal microflora metabolites and found that several metabolites, including IPA, could distinguish early T2D rats from rats 3 months after the onset of diabetes (43).

In a clinical trial, researchers used a non-targeted metabolomics approach to investigate whether serum metabolite profiles can predict the incidence of T2D in patients with impaired glucose tolerance. During the 15-year follow-up, patients with glucose tolerance who developed (n = 96) or did not develop (n = 104) T2D had lower and higher serum IPA levels, respectively. This suggests that higher serum IPA levels lead to a low risk of T2D (12). In a clinical study with a 7-year follow-up, it was verified that higher serum IPA levels were negatively correlated with the occurrence of T2D (OR [CI]: 0.86 [0.73–0.99], p = 0.04), directly correlated with insulin secretion (β = 0.10, p = 0.06), and negatively correlated with hsCRP when blood samples were collected (r = −0.22, p = 0.0001), and during follow-up visits (β = −0.19, p = 0.001). This suggests that IPA might be mediated by low-grade inflammation or enhance insulin sensitivity by protecting β-cell function to reduce the risk of T2D (21)



IPA Reduces Lipotoxicity to Inhibit the Development of NAFLD

NAFLD manifests as liver fat accumulation, and the disease progresses to non-alcoholic steatohepatitis (NASH) or even hepatocellular carcinoma (HCC). Globally, the prevalence of NAFLD-related HCC may increase with an obesity epidemic (44).

IPA in the intestinal tract is absorbed by the intestinal epithelial cells and diffuses into the blood, which enters multiple target organs such as the liver after passing through the peripheral and portal circulation (30). This suggests that the liver may be a target organ for IPA biology. In 233 patients who underwent bariatric surgery and detailed liver histological examinations, the circulating IPA in patients with liver fibrosis was lower than that in those without fibrosis. Circulating IPA levels are also associated with the liver richness in genes that regulate hepatic stellate cell activation and liver fibrosis signaling. In vitro experiments have verified that IPA reduces the mRNA expression of fibrosis signaling markers such as COL1A2, aSMA, and ITGA3 in LX-2 cells (13).

Cholesterol is considered the primary lipotoxic molecule among liver lipids in NASH development (45–47). Lipotoxicity promotes the progression of NAFLD to NASH, liver cirrhosis, and even liver cancer (48, 49). Depletion of IPA was noted in both hypercholesterolemia-fed HCC mice and in sterile mouse serum transplanted with hypercholesterolemia-fed HCC mouse feces. In vitro experiments showed that IPA could inhibit the accumulation of triglycerides (TG) in the cholesterol-induced human normal hepatocyte line LO2 and inhibit the proliferation of NASH-HCC cell lines (HKCI-2 and HKCI10). Therefore, the partial reason for cholesterol-induced lipotoxicity is the damage to tryptophan metabolism in microorganisms and the reduced serum IPA content, thereby promoting the development of NASH-HCC (50).



IPA Improves CVD by Lowering Blood Lipid Levels

CVD is a serious cause of death due to metabolic diseases (51, 52). In a cohort study from an advanced atherosclerosis (n = 100) and gender- and age-matched control group (n = 20), the level of IPA in plasma metabolites of the advanced atherosclerosis group was significantly reduced (0.41 [0.27–0.90] μM vs. 0.22 [0.16–0.34] μM; p < 0.01). In a study of risk factors for atherosclerosis, IPA (OR, 0.27; 95% CI, 0.019–0.91; p = 0.02) was negatively correlated with advanced atherosclerosis (14). In mice experiments, oral administration of IPA significantly reduced high-fat diet (HFD)-induced body weight gain and reduced serum total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), and TG levels, showing sufficient anti-hyperlipidemic effects (16).



IPA and Other Metabolic Diseases

In a 1-year follow-up study of patients with chronic kidney disease (CKD), the estimated glomerular filtration rate (eGFR) rapidly decreased by >20% (n = 10) and the control group (n = 10), and the eGFR decreased by <5%. It was found that IPA was the only metabolite that dropped significantly in eGFR rapidly decreased group of plasma. In cross-sectional clinical studies, it can also be found that the serum IPA content of the normal group was significantly higher than that of the CKD group (49.8 ± 15.9 vs. 34.7 ± 10.8 ng/ml; p < 0.01) (53). Intervention with IPA can also inhibit the gene expression of fibrosis and inflammation in proximal renal tubular cells induced by indophenol sulfate (54). In previous studies, oxidative stress was found to be associated with increased kidney damage (55), and IPA as a potent antioxidant may be an important bioprotective agent for CKD.

In another study, oral IPA supplementation reduced the systemic inflammation level in radiation-exposed mice, restored hematopoietic organs, relieved bone marrow suppression, and improved gastrointestinal function and epithelial integrity after irradiation, thereby exerting therapeutic effects on radiation toxicity (56). Supplementation with mouse probiotic Clostridia resulted in an increase in IPA production in the intestinal lumen and increased mitochondrial transcription factor A (Tfam) expression in osteoblasts by promoting Kdm6b/Jmjd3 histone demethylase, thereby inhibiting the epigenetic methylation of H3K27me3 at the Tfam promoter from preventing pathological bone loss in obese mice induced by a HFD (57). IPA is neuroprotective as a potent hydroxyl radical scavenger (58). IPA inhibits β-amyloid fibril formation, a potent neuroprotective agent, and is a potential drug for the treatment of Alzheimer’s disease (59). IPA also exhibits protective effects against streptozotocin-induced diabetic peripheral neuropathy in rats and high-glucose-induced neurotoxicity in neural 2a cells (60).




Mechanisms of IPA Action on Metabolic Diseases

As mentioned above, IPA contributes to various metabolic diseases, and its mechanism is complex. It may be involved in the physiological and pathological processes of the disease through different pathways. Therefore, we comprehensively analyzed the mechanism of IPA in terms of glucose metabolism, insulin resistance, lipid synthesis, inflammatory reactions, and the intestinal microenvironment.


IPA Can Improve Blood Glucose and Increase Insulin Sensitivity

Impaired glucose tolerance and insulin tolerance are also pathogenic factors in metabolic syndrome. Rats fed a diet rich in IPA had improved glucose metabolism and significantly reduced HOMA index of fasting blood glucose, insulin, and insulin resistance (15).

Cognitive decline is a complication of T2D, and intermittent fasting (IF) is a dietary intervention used to alleviate the symptoms of T2D. In research of its mechanism, IF was found to improve cognition through the microorganism–metabolite–brain axis. Among the metabolites affected by IF, the complementary metabolite IPA showed similar results with IF. In db/db mice, IPA was found to improve cognitive function and insulin sensitivity, enhance mitochondrial biogenesis, and protect the ultrastructure of synapses (61). This may be related to IPA as an antioxidant, preventing neuronal death induced by amylin and β-amyloids and restoring mitochondrial function (62, 63).

First, the protective effect of serum IPA in T2D may be achieved through its efficacy in regulating the secretion of incretin, particularly glucagon-like peptide (GLP)-1 release by intestinal endocrine L cells (64). GLP-1 inhibits the occurrence of T2D by reducing B-cell apoptosis and increasing cell proliferation and regeneration (65)

Second, as a strong oxidant (62), IPA can protect β cells from damage related to metabolism and oxidative stress, and possibly from the accumulation of amyloid (66). These results suggest that IPA may be a promising candidate for the treatment of insulin-resistant metabolic disorders, including T2D.



IPA Inhibits Liver Lipid Synthesis and Inflammatory Factors

IPA intervention can improve NASH model mice induced by a HFD through intestinal microenvironment homeostasis (17). In an in vitro experiment, supplementation with oleic acid (OA; 100 μM) resulted in significant accumulation of TG in a human hepatocarcinoma cell line of HepG2 cells, and IPA treatment significantly reduced OA-induced TG accumulation in a dose-dependent manner (10, 25, and 50 µM). Further research showed that IPA dose-dependently reduced the transcription of essential genes involved in fatty acid (Srebp1-c and Fas) and cholesterol biosynthesis (Srebp2 and Hmgr) in HepG2 cells (16).

In addition to inhibiting lipid synthesis in the liver, IPA intervention could inhibit the expression levels of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 in the liver of NASH rats induced by a HFD. In an in vitro LPS-induced mouse macrophage model, IPA also inhibited nuclear factor kappa B) NF-κB signaling, p65 phosphorylation, and the expression of NF-κB downstream target genes in a dose-dependent manner (17).

Excess free Fe(3+) and was also found to cause oxidative damage, which deteriorates NAFLD to NASH. In an in vitro experiment, FeCl(3+) (0.2 mM) was used to induce the isolated rat liver microsomes to simulate the oxidative damage model and then incubated with IPA. It was found that co-incubated IPA (concentrations of 10, 3, 2, and 1 mM) can prevent the decrease in cell membrane fluidity caused by Fe(3+). The increase in lipid peroxidation caused by Fe(3+) was only inhibited after incubation with the highest concentration (10 mM) of IPA (67). Moreover, IPA at a concentration of 5 mM was able to inhibit lipid peroxidation damage in hamster testes caused by iron ions (68). This suggests that IPA can act as an effective free radical scavenger to prevent iron-induced oxidative damage to cell membranes. The antioxidant effect of IPA is concentration dependent, which also explains the protective effect of high concentrations of IPA on the periphery of the body.



IPA Can Correct Intestinal Microbial Disorders

IPA maintains the stability of the intestinal microenvironment. Its primary mechanism is to correct the disordered intestinal microflora, repair the intestinal barrier, and inhibit the intestinal immune response.

The intestinal microbial structure can affect the host’s absorption of dietary monosaccharides and lipids, promoting the accumulation of TG in the adipose tissue and liver and causing metabolic disease (69, 70). An imbalance of intestinal microbes affects the TLR9- and TLR4-related inflammatory pathways in the liver (71). In multi-ethnic cohort studies, intestinal microbial α diversity was generally low in patients with metabolic diseases (72). In a clinical cohort study of 1,018 middle-aged women from TwinsUK, the relationship between serum IPA levels and gut microbial genes was evaluated, and a positive correlation between microbiota alpha diversity and serum IPA content was found (Shannon diversity: β [Shannon diversity: beta (95% CI] = 0.19 [0.13; 0.25], p = 6.41 × 10−10) (73).

In an 8-week NAFLD rat model induced by a HFD, IPA (20 mg/kg) was administered to rats for the 8-week experiment. The 16s rRNA method was used to detect rat feces, and principal coordinate and non-metric multidimensional scale analyses showed that the intestinal microbes of rats in the IPA administration group were significantly different from those in the model group. This suggests that IPA administration can improve the overall structure of the intestinal microbes in NAFLD rats. An increase and decrease in the abundance of Firmicutes and Bacteroidetes, respectively, were biomarkers of obesity (74, 75). Based on this feature, the authors analyzed the intestinal microbial composition, and an HFD was found to increase the ratio of Firmicutes to Bacteroidetes, which could be reversed by IPA treatment. The abundance of the two potential pathogenic bacteria Bacteroides and Streptococcus (76) was increased by an HFD and decreased by IPA treatment. It has also been reported that the abundance of the genus Parasutterella (77) associated with chronic intestinal inflammation was reduced by IPA treatment. In addition, the abundance of the two genera Oscillibacter and Odoribacter, which are important for maintaining intestinal homeostasis, were reduced in the HFD-fed group (78) and restored in the IPA group (17). In addition, IPA supplementation can inhibit the growth of Mycobacterium tuberculosis by blocking the synthesis of Trp in M. tuberculosis through the catalytic step of TrpE, thereby exerting an anti-tubercular effect (79).



IPA Maintains the Intestinal Barrier

Increased intestinal permeability and abnormal intestinal tight junctions caused by ecological imbalance are frequently observed in patients with metabolic diseases (80). Intestinal ecological imbalance leads to an increase in LPS and bile acid production, which is related to whole-body low-grade inflammation (81).

Treatment of HFD-fed mice with IPA reduced intestinal permeability (decreased circulating FITC-dextran) and reduced circulating LPS levels. In vitro, researchers used monolayers of T84 cells incubated with the pro-inflammatory cytokines interferon-γ (IFN-γ) and TNF-α. IPA was found to reduce the permeability of monolayers through an FITC-dextran permeability experiment (82).

The ratio of villi to crypts in the ileum of HFD-fed rats was reduced (83), and the villi height was restored by IPA treatment, which also promoted the protein expressions of zonula occludens-1 (ZO-1), occludin, and tight junction proteins in the rat ileum (17). The end of the afferent neurons of the vagus nerve is located in the intestinal mucosa, and the increase in LPS changes the afferent signals of the vagus nerve and reduces the satiety induced by cholecystokinin, thus promoting appetite and leading to obesity (84). Thus, IPA can inhibit appetite by inhibiting LPS levels in the plasma.

The Caco-2/HT29 co-culture model was used to evaluate the effect of IPA on the intestinal barrier and explore its potential mechanism. Studies have shown that IPA increases transepithelial resistance and decreases paracellular permeability. Simultaneously, IPA enhances the mucus barrier by increasing the expression of mucins MUC2 and MUC4 and the goblet cell secretion products TFF3 and RELMβ. In addition, IPA reduces the expression of inflammatory factors in LPS-induced Caco-2/HT29 cells. These findings provide a new perspective for the intestinal microbial metabolite of Trp to improve the intestinal barrier (85). SLC2A5 (GLUT5-encoded) is the leading fructose absorption transporter in the kidneys, small intestine, and proximal tubules, and its overexpression causes metabolic syndrome by increasing fructose intake (86). Expression of the fructose transporter SLC2A5 mRNA was increased in IFN-γ-induced intestinal epithelial T84 cells, and IPA intervention reversed SLC2A5 mRNA expression (11).



IPA Suppresses Intestinal Immune Response

Impaired intestinal barrier function and increased leakage of intestinal-derived antigens may lead to visceral lipid deposition and metabolic dysfunction (87). Serum IPA was reported to be decreased by approximately 60% in patients with active inflammatory bowel disease compared with that in healthy controls. During the recovery period of inflammatory bowel disease, the level of IPA in the serum gradually recovered (27, 88).

Administration of IPA showed significant induction of IL-10 receptor protein 1 expression in cultured intestinal epithelial cells T84 (27), based on a close correlation between epithelial IL-10 receptors and the maintenance and recovery of epithelial barrier function (89), which further supported the role of IPA in the maintenance of intestinal immunity.

Recent studies have suggested that IPA is an endogenous ligand for intestinal PXR. IPA induces the transcription of PXR target genes Mdr1, Cyp3a11, and Ugt1a1 mRNA in vivo (82). However, IPA alone is a weak human PXR ligand (82). Inoculated Clostridium sporogenes in germ-free mice accompanied with L-Trp-supplemented diets promoted the production of IPA to protect mice from dextran sulfate sodium-induced colitis through the PXR pathway (82). Studies have also confirmed that IPA improves intestinal permeability (FITC-dextran permeability) in a colitis (indomethacin-induced) mouse model with intestinal barrier defects. Intestinal TNF-α mRNA expression and p38-MAPK protein phosphorylation were inhibited, while in PXR-deficient (Nr1i2−/−) mice, the benefits of IPA were inhibited, suggesting that IPA improved the intestinal barrier via the PXR pathway (82). Furthermore, IPA can modulate vascular function by modulating PXR activity, and IPA exposure reduces the vasodilatory responses of nitric oxide-mediated muscarinic and protease-activated receptor 2-stimulated mouse aortic tissue (90).

In another study, IPA was shown to be an agonist of the aromatic meridian receptor (Ahr) of a commensal bacterial product (91), and Ahr activation was beneficial to the maintenance of intestinal homeostasis and the regulation of immunity (92, 93). Therefore, these studies indicated that promoting IPA formation by bacteria or the direct administration of IPA is beneficial for inflammatory bowel disease.




Conclusion

The intestinal microflora is a diverse microbial community that encodes functional genes several orders of magnitude higher than the human genome and can regulate human health (94). With the development of metabolomics, intestinal microbial metabolites play an increasingly important role in regulating host health and disease; however, the disturbance of metabolites is related to multiple chronic diseases (95). Therefore, research on bacteria-derived metabolites offers the possibility of personalized medicine for chronic diseases with complex pathogenesis. The study found that IPA, a metabolite produced by Trp under the action of intestinal microbes, was correlated with the occurrence and development of metabolic diseases (Figure 2). Metabolic diseases such as obesity, T2D, NAFLD, and CVD have been reported. The IPA content in the peripheral region was significantly consumed. After 3 months of bariatric surgery, it recovered, suggesting that IPA might be a potential biomarker for metabolic diseases. However, further studies have shown that IPA could be a potential biomarker of metabolic illnesses (Table 1). The intervention with IPA reduced the body weight and peripheral fat content; improved insulin resistance, liver lipid deposition, and peripheral blood lipid content; and maintained intestinal homeostasis, thereby improving metabolic syndrome (Table 2). The metabolic benefit mechanism of IPA may be predominantly related to its strong oxidant effect, which has an excellent antagonistic effect on chronic inflammation caused by metabolic diseases. Moreover, as a bacterial-derived metabolite (Table 3), IPA exerts its beneficial effects in regulating intestinal immune responses through Ahr and PXR ligand. Intestinal bacteria play an important role in the pathogenesis of metabolic diseases. In future research, we need to pay attention to the secondary metabolites produced by the interaction between IPA and the bacterial flora and its remote target organs to further study the mechanism of IPA.




Figure 2 | IPA was correlated with the occurrence and development of metabolic diseases.




Table 1 | The relationship between IPA and metabolic diseases.




Table 2 | Benefits of IPA in metabolic diseases.




Table 3 | Microorganisms that produce IPA.



However, the beneficial effects of IPA are all based on the HFD-induced NAFLD model mice, and the opposite result has been found in other models. In CCL4-induced liver fibrosis model mice, IPA aggravated CCL4-induced liver fibrosis injury through transforming growth factor-β1 (TGF-β1) and the Smad signaling pathway (98). Therefore, multiple models are required to verify the potential beneficial effects of IPA on metabolic diseases. At present, the therapeutic effects of IPA are primarily concentrated in basic animal experiments, and no clinical experiments have been performed. Therefore, an in-depth study on the toxicity and safe use of IPA is necessary to provide a sufficient theoretical basis for the development and utilization of IPA.

Furthermore, to fully exploit the potential of the intestinal microbiota in disease prevention, we need to understand in greater depth how dietary components and host genetics affect IPA production. Finally, these findings are converted into clinical practice and developed into clinical methods that can be widely used to predict the prognosis and outcome of diseases and even have diagnostic effects on some metabolic disorders. While leveraging metabolomics poses significant challenges in promoting human health, past studies have demonstrated that certain metabolites have considerable potential for the treatment of human diseases.
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Background

The prevalence of diabetic microvascular diseases has increased significantly worldwide, the most common of which are diabetic nephropathy (DN) and diabetic retinopathy (DR). Microvascular endothelial cells are thought to be major targets of hyperglycemic damage, while the underlying mechanism of diffuse endothelial dysfunction in multiple organs needs to be further investigated.



Aim

The aim of this study is to explore the endothelial dysfunction mechanisms of serum exosomes (SExos) extracted from DR and DN (DRDN) patients.



Methods

In this study, human glomerular endothelial cells (HGECs) were used as the cell model. Metabolomics ultraperformance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) and proteomics tandem mass tag (TMT)-based liquid chromatography-tandem mass spectrometry (LC-MS/MS) together with bioinformatics, the correlation analysis, and the joint pathway analysis were employed to discover the underlying mechanisms of endothelial dysfunction caused by patient’s SExos.



Results

It can be assumed that serum exosomes extracted by DRDN patients might cause endothelial dysfunction mainly by upregulating alpha subunit of the coagulation factor fibrinogen (FIBA) and downregulating 1-methylhistidine (1-MH). Bioinformatics analysis pointed to an important role in reducing excess cysteine and methionine metabolism.



Conclusion

FIBA overexpression and 1-MH loss may be linked to the pathogenicity of diabetic endothelial dysfunction in DR/DN, implying that a cohort study is needed to further investigate the role of FIBA and 1-MH in the development of DN and DR, as well as the related pathways between the two proteins.





Keywords: metabolomics, proteomics, exosomes, diabetic nephropathy, diabetic retinopathy, endothelial dysfunction



1 Introduction

Diabetes has become much more common during the last few decades all throughout the world. Diabetes’ global occurrence has risen substantially from 108 million in 1980 to 422 million in 2014, according to epidemiological data, and diabetes is anticipated to become the seventh leading cause of death by 2030 (1–4). The major lethal causes for diabetic patients are diabetic macrovascular and microvascular complications that are derived from the diabetes-induced endothelial dysfunction. Because their failure to downregulate the glucose transport rate results in intracellular hyperglycemia when glucose levels are high, microvascular endothelial cells are regarded to be the major targets of hyperglycemic damage (4, 5). High blood sugar level is considered to induce the microvascular endothelial dysfunction in which diabetic nephropathy (DN) and diabetic retinopathy (DR) are the most common disorders. According to the epidemiological type-2 diabetes surveys in Chinese major cities, DN and DR account for 39.7% and 31.5% of diabetic microangiopathy, respectively (4).

It is recognized that retinopathy and nephropathy occur simultaneously in long-term diabetes. As an important structural and overlapping determinant of disease development, the relationship between kidney disease and retinal disease has been discussed, and the term “renal-retinal syndrome” has been recognized by the public (6, 7). The polyol pathway is involved in the development of the two disorders, as are increased advanced glycation end products (AGEs) synthesis, increased expression of the AGE receptor and its activating ligands, activation of protein kinase C isoforms, overactivity of the hexosamine pathway, and other pathways (8–10). Additionally, the systemic inflammation induced by the albuminuria-impaired kidney is considered to accelerate the clinical course of microvascular complications in both the eye and the kidney (11–17). In this sense, the underlying mechanisms of hyperglycemic injury for microvascular endothelial cells require further investigation.

In type 2 diabetes (T2D) patients with reduced glomerular endothelial fenestrae, albuminuria and a drop in glomerular filtration rate (GFR) are significantly connected (18–21). Multiple causes contribute to glomerular endothelial cell (GEC) dysfunction, including increased permeability of GECs, stimulation of endothelial apoptosis, glycocalyx breakdown, and poor cross communication between endothelial cells and other renal cells (e.g., podocytes) (22–24). GEC injury is responsible for the occurrence of microalbuminuria, which is the early event of DN (22). Microalbuminuria is also a sign of endothelial dysfunction in the kidneys and throughout the body (25, 26). The retina is harmed by chronic hyperglycemia, which compromises the blood–retina barrier, resulting in extracellular fluid accumulation in the macula, as well as thickening of the capillary basement membrane and increased deposition of extracellular matrix (ECM) components (27–29). By upregulating angiogenic factors [e.g., vascular endothelial growth factor (VEGF)] over time, chronic retinal microvasculature damage induces capillary non-perfusion and retinal ischemia (14, 30–34). DR increases the risk of life-threatening systemic vascular disorders regardless of vision loss (35, 36).

Endothelial dysfunction is linked to diabetic microvascular problems due to a deficiency in angiogenesis, increased endothelial permeability, increased leukocyte adhesion, and reduced nitric oxide action (11). In the process of diabetes, the diffused endothelial dysfunction appears in multiple organs, indicating the existence of potential factors that induce endothelial cell injuries in the circulation. Exosomes are nanoscale membranous vesicles (30–100 nm) and enriched in specific proteins, lipids, nucleic acids, and glycoconjugates. There are abundant exosomes in blood, and they are involved in various cellular activities. For instance, they are responsible for remodeling the ECM and then releasing contents into recipient cells for the purpose of transmitting signals and molecules to target cells and organs. This pathway of vesicle transportation plays crucial roles in various disease developments, such as diabetes mellitus (DM) and diabetic microvascular diseases (37). DM patients had significantly larger quantities of extracellular vesicles (EVs) in their circulation than euglycemic control participants, according to a previous study (38). In addition, serum exosomes (SExos) from diabetic db/db mice severely impair the aortic endothelial cell functions from non-diabetic db/m+ mice, indicating the changes in the composition of SExos (39). We employed quantitative proteomics and metabolomics to examine the differential proteins and metabolites produced by exosomes in human glomerular endothelial cells (HGECs) to better understand the molecular mechanism of exosomes in diabetic macrovascular endothelial dysfunction.



2 Materials and Methods


2.1 Cell Culture

ScienCell Research Laboratories (PS-4000, San Diego, CA) provided the HGECs, which were grown at 37°C and 5% CO2 in endothelial cell medium (ECM; Sciencell Research Laboratories), which contained 10% fetal bovine serum (FBS, Gibco), 100 U/ml penicillin, and 100 mg/ml streptomycin. Cell passages ranging from 2 to 5 were used in these studies.



2.2 Patients and Samples

From January to November 2020, the enrolled patients were admitted to Zhengzhou University’s First Affiliated Hospital. Serum samples for the exosome’s isolations were obtained from 20 healthy volunteers and 20 patients diagnosed with DR and DN. All of the samples were frozen at -80°C. The ethics committee of Zhengzhou University’s First Affiliated Hospital gave its approval to this study (2021-KY-0872-002). Prior to participation in the study, all patients signed a written informed permission form.



2.3 Exosome Experiments


2.3.1 Serum Exosome Isolation and Identification

SExos were isolated as previously reported (40). In order to eradicate cells and cellular debris, the collected serum had been centrifuged for 15 min at 3,000g for 15 min. The exosome separation was done with ExoQuick, a fast-acting exosome precipitation solution (System Biosciences, CA, USA). The exosome suspension was dissolved in phosphate-buffered saline (PBS) and kept at -80°C for future use. The exosomes were identified using transmission electron microscopy (TEM; Tecnai G2 Spirit 120KV). The exosome particle size and concentration were assessed at VivaCell Biosciences using the nanoparticle tracking analysis (NTA) method and the related software ZetaView 8.04.02 with the ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany). The isolated exosome samples were diluted in 1× PBS buffer to assess particle size and concentration (Biological Industries, Israel). At 11 different sites, the NTA measurement was obtained and analyzed. The ZetaView system was calibrated using polystyrene particles with a diameter of 110 nm. Temperatures were maintained between 24°C and 26°C.



2.3.2 Exosome Labeling

To suspend the exosomes obtained from patients’ serum, a mixture of 100 L PBS and 1 ml PKH67 (Sigma, in Diluent C) was utilized. After 5 min at room temperature, exosome labeling was halted by adding 3 ml of 1% bovine serum albumin, and the colored exosomes were extracted using the ExoQuick exosome precipitation solution. Here, 10 g of exosomes were introduced to HGECs after suspension in basal media. The cells were cultured for 6, 12, and 24 h at 37°C before being washed and fixed at room temperature. The addition of 4′,6-diamidino-2-phenylindole (DAPI; Sigma) was used to stain the nuclei for 10 min. The stained cells were observed using an Olympus confocal microscope (Japan).




2.4 Western Blot

Before being lysed in radioimmunoprecipitation assay buffer (RIPA) buffer, the cells were collected and rinsed in cold PBS (Solarbio, Beijing, China). At 4°C, the whole-cell lysates were centrifuged for 15 min at 12,000 rpm. Protein concentrations were determined using the bicinchoninic acid method. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the proteins, which were then transferred to a nitrocellulose membrane. In the PBS containing 5% evaporated milk and 1% Tween-20, the membranes were blocked for 1 h before being treated overnight at 4°C with primary antibodies dissolved in PBS containing 1% Tween-20. The primary antibodies were anti-CD9 (Abcam, Hong Kong, China; # ab92726), anti-CD63 (Abcam, ab216130), anti-TSG101 (Sino Biological, Beijing, China; #102286-T38), anti-CD31 (Zen-Bioscience, Chengdu, China; #383815), anti-von Willebrand factor (vWF), (Abcam, #ab154193), anti-intercellular adhesion molecule 1 (ICAM-1) (Abcam, #ab171123), anti-vascular cell adhesion protein 1 (VCAM-1) (Abcam, #ab134047), and anti-Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) (Goodhere, Hangzhou, China; #AB-P-R 001). The blots were then treated with the appropriate secondary antibodies on the second day: horse radish peroxidase (HRP)-labeled goat anti-rabbit immunoglobulin G (IgG) (Dingguo Changsheng, Beijing, China; #IH-0011) and HRP-labeled goat anti-mouse IgG (Dingguo Changsheng, Beijing, China; #IH-0011). The Odyssey two-color infrared laser imaging system (LICOR) or HRP-based chemiluminescence analysis was used to detect the signals. Image J/Fiji and GraphPad Prism 9.0 were used to analyze the grayscale of the Western blot (WB) bands (GraphPad Software, Inc., La Jolla, CA, USA).



2.5 Immunofluorescence

The immunofluorescence (IF) assays were conducted as described before (41). The HGEC lines were seeded on collagen-coated glass and cultured in ECM medium overnight at 37°C in a humidified 5% CO2 atmosphere. The cells were rinsed twice with PBS before being fixed with 4% formaldehyde and permeabilized with 0.2% Triton X-100. The cells were treated with fluorescein Alexa-Fluor 488-conjugated secondary antibodies for one night at 4°C after being blocked with 1% BSA for 30 min and photographed using a fluorescence microscope (Leica, Wetzlar, Germany). Tissues were treated overnight at 4°C with primary antibodies, then with secondary antibodies Goat Anti-Rabbit IgG H&L fluorescein isothiocyanate (FITC) (Abcam, #ab7086) pre-absorbed, Goat anti-Mouse IgG (H+L) cross-adsorbed, Alexa Fluor 555, and finally imaged using a confocal microscope (Olympus, Japan) and scanned using a slide scanner Pann (3DHISTECH, Hungary).



2.6 Proteomics Study


2.6.1 Protein Extraction

Enzymatic hydrolysis was performed for 300 mg of each sample. After diluting dithiothreitol (DTT) to 100 mM, the sample was heated for 5 min and then cooled to room temperature. After that, the sample was given 200 ml of ultrasound-assisted (UA) buffer (8 M urea, 150 mM Tris-HCl, pH 8.0). The mixture was evenly mixed before being transferred to a 10-kD ultrafiltration centrifuge tube and centrifuged for 15 min at 12,000g. After adding 15 ml of UA buffer to the sample, it was centrifuged for 15 min and the filtrate was discarded. The sample was then incubated at room temperature for 30 min in the dark before being centrifuged at 12,000g for 10 min after being added 100 ml of 50 mM iodoacetamide (IAA) (in UA) and shaken at 600 rpm for 1 min. Samples were centrifuged twice at 12,000g for 10 min each time after being washed twice with 100 ml UA buffer. The material was then rinsed twice with NH4HCO3 buffer (100 ml) and centrifuged for 10 min at 14,000g. The sample was then treated with trypsin (20 mg trypsin in 40 ml NH4HCO3 buffer), agitated at 600 rpm for 1 min, and incubated at 37°C for 16–18 h. The material was centrifuged at 12,000g for 10 min after the collection tube was changed. After adding the trifluoroacetic acid (TFA) solution to the filtrate to a final concentration of 0.1%, the sample was desalinated with a C18 cartridge. The samples were quantified using OD280.



2.6.2 Tandem Mass Tag (TMT)-Based Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

Metware Biotechnology Co., Ltd., completed the TMT-based LC-MS/MS identification and data normalization analysis (Wuhan, China). The protein samples were diluted 6-fold and underwent enzyming and desalting. The peptide samples were diluted to 1 g/l on-board buffer in a 5-L container, and the scanning mode was set to 120 min. The peptides were scanned in the sample with a mass-to-charge ratio of 350–1,500. After preparing mobile phase A solution [98% water, 2% acetonitrile (ACN), 0.1% formic acid (FA)], B solution (98% ACN, 2% water, 0.1% FA), pre-column (300 m0.5mm, 3 m), analytical column (3 m, 75 m150 mm; Welch Materials, Inc), and spray voltage, peptides separated by liquid phase were ionized by the nanoESI source and transferred into the tandem mass spectrometer Q-Exactive (Thermo Fisher Scientific, San Jose, CA, USA). The main parameters are set as follows: 320°C of the ion transfer tube temperature, 350–1,500 m/z of scanning range, 60,000 of primary resolution, 3e6 of C-Trap, 80 ms of inject time (IT), 15,000 of secondary resolution, 1e5 of C-Trap, 100 ms of IT, 28 of CE, 1.0e4 of threshold intensity, and dynamic exclusion for 30 s. The raw data for mass detection (.raw) were generated, and the mass spectrometer data were retrieved and analyzed using MaxQuant 1.6.15.0.



2.6.3 Protein Identification and Quantitative Analysis

The data from the mass spectrometer were collected and analyzed using MaxQuant 1.6.15.0. The following were the search parameters: TMT-10plex (Peptide Labeled) quantification type; Enzyme: Trypsin/P; Max. missed cleavages: 2; carbamidomethyl (C) is a fixed alteration. Protein quantification includes the following modifications: oxidation (M), acetyl (Protein N-term); First search MS/MS tolerance: 20 ppm; Main search MS/MS tolerance: 5 ppm; Include contaminants: TRUE; Decoy mode: revert; Peptides used for protein quantification: Razor; Protein FDR: 0.01; PSM FDR: 0.01; Include contaminants: TRUE; The sequencing was done using the UniProt Taxonomy Database (Supplementary Material S1). The mass spectrometry proteomics data have been deposited with the dataset number PXD030660 to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository (42).



2.6.4 Bioinformatics Methods

To learn more about the causes of SExo-induced endothelial dysfunction in DR+DN patients, researchers used the UniProt-GOA Database (http://www.ebi.ac.uk/GOA/) for Gene Ontology (GO) functional annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. FDR 0.01 was chosen as the cutoff point. The UniProt Gene Ontology Annotation (GOA) database was used to enhance the GO annotation proteome, which was supplemented by InterProScan soft. Subcellular localization was predicted using Wolf PSORT software. The KEGG database was used to annotate protein pathways. The pheatmap function in the R package was used to build the clustering heat map. The bar graph and circos graph were created using the ggplot function from the R package -ggplot2.



2.6.5 Protein Interaction Network Analysis

To use the IntAct (http://www.ebi.ac.uk/intact/main.xhtml) or STRING (https://string-db.org/) databases, first, get the gene symbol from the target protein’s sequence database. STRING is used to create protein–protein interaction (PPI) networks (a search tool for finding interacting genes). A confidence score of 0:4 and a maximum number of interactors of 0 are the cutoff conditions for this study. Then, using the Cytoscape software 3.2.1 (http://www.cytoscape.org/) platform, the interaction network of differentially expressed proteins was screened using cytoHubba based on high connectedness (43).



2.6.6 Parallel Reaction Monitoring

The results of the TMT-based LC-MS/MS analysis were backed up by parallel reaction monitoring (PRM) analysis of chosen proteins. The distinctive peptides of the selected proteins were identified using TMT-based LC-MS/MS data, and only a few peptide sequences were chosen for PRM analysis. Trypsin was used to digest, reduce, alkylate, and absorb the selected proteins (100 mg). Through a C18 trap column (0.10 20 mm; 3 mm) and then a C18 column (0.15 120 mm; 1.9 mm), the collected peptide mixtures were injected into the mass spectrometer. A tabletop Orbitrap mass spectrometer (Q Exactive; Thermo Scientific) with a quadrupole mass filter was used to make the MS computation. Proteome Discoverer 1.4 was used to collect and evaluate raw data (Thermo Fisher Scientific). The false discovery rate (FDR) for proteins and peptides had been set to 0.01. Skyline 2.6 software was used for quantification and proteomic analysis. For the PRM analysis, three biological replicates were performed in each group.




2.7 Metabolomics Study


2.7.1 Ultraperformance Liquid Chromatography-Tandem Mass Spectrometry (UPLC-MS/MS) Analysis

A Ultra High Performance Liquid Chromatography (UHPLC) system was used to perform the chromatographic separation (Waters Corp., Milford, MA, USA). ACQUITYTM UPLC BEH C18 (2.1 mm 100 mm, 1.7 m) was used to analyze all of the analytes. The column was held at a constant temperature of 35°C. The mobile phase was made up of solvent A (water and 0.1% formic acid) and solvent B (water and 0.1% formic acid) (acetonitrile). The injection volume and flow rate were set at 0.4 ml/min and 2 L/min, respectively. A Waters SynaptTM QTOF/MS spectrometer (Waters Corp., Milford, MA, USA) was coupled to a UHPLC system through an ESI source in both positive and negative ionization modes.



2.7.2 Data Processing

Using the self-built target standard metware database, the qualitative analysis was performed based on the retention period of the detected chemical, the information of the precursor ion pairs, and secondary spectrum data (MWDB, containing business trade secrets). The metabolites were quantified using triple quadrupole mass spectrometry’s multiple reaction monitoring (MRM) mode analysis.

The metabolite content data were standardized using the unit variance scaling (UV) method. The R program (https://www.r-project.org/) was used to compare diverse samples and perform hierarchical cluster analysis (HCA) on the accumulation manner of metabolites. Principal component analysis (PCA; R function prcomp, parameters center = TRUE, scale = TRUE), orthogonal partial least squares discriminant analysis (OPLS-DA), and partial least squares discriminant analysis (PLS-DA) were used to analyze the data. The S-plot was made to see which marker components differed significantly between the groups. By scanning Internet databases such as KEGG, Human Metabolome Database (HMDB), and Metabolite Set Enrichment Analysis (MSEA), possible endogenous metabolites were discovered using accurate molecular masses, MS/MS fragments, and retention behavior. The R package MetaboAnalystR was used to run OPLS-DA (parameters, opls_log, “MeanCenter,” “S10T0,” ratio = FALSE, ratioNum = 20). Heat map was drawn by R package Heatmap [parameters na_col = ‘grey,’ rect_gp = gpar(col = cell.border.color, lwd = 1)]. R function cor was used to analyze Pearson’s correlation coefficient [parameter method = pearson; correlation graph was used to R package corrplot, parameters add = TRUE, type = ‘lower,’ method = ‘number,’ number.cex = mycex, number.digits = 2, diag = F, tl.pos = ‘n’].




2.8 Proteomics and Metabolomics Integration Analysis

The data were transformed to normalize the distributions. At least 20% of metabolites that were not presented in the samples were filtered out. Differential abundances of proteins among CON-EXO vs. DRDN-EXO individuals were calculated using the linear modeling R-package limma. Multiple testing corrections were applied using Benjamin and Hochberg FDR (P < 0.05 for significance). Volcano plots were plotted by R-package ggplot2. Pathway analysis was performed using the limma ROAST method. The analysis of the integrated proteomics and metabolite interaction network included the proteins related to 1-methylhistidine (1-MH) and excluded the isolated nodes.



2.9 Statistical Analysis

SPSS24.0 statistical software was used for the data analysis. The independent T test was used to compare the two groups, whereas the multivariate variance was used to compare the numerous groups. Statistical significance was defined as a P-value <0.05.




3 Results


3.1 Circulating Exosomes Could Influence Renal and Retinal Endothelial Cells and Cause Endothelial Dysfunction

All of the patients in this study were separated into two groups: CON (healthy persons) and DR+DN (diagnosed as both DR and DN). Figure 1A shows the renal biopsy pathological and fundus images obtained from one DR+DN patient and one healthy participant, indicating that endothelial microvascular leakage of retina and kidney could occur simultaneously. In retina, the diabetic endothelial dysfunction led to several disorders such as the capillary wall dilatation (microaneurysms), the leakage (edema and hard exudates), and the rupture (hemorrhages). The dilation of the retinal capillary walls was an early physiological sign of microvascular malfunction. Diabetic endothelium damage manifested itself in the glomerulus as endothelial cell enlargement, glomerular basement membrane reduplication, mesangial expansion, and arteriolar hyalinosis. SExos from DR+DN patients were separated from the serum by ultracentrifugation and visualized by TEM after negative staining. Most of the SExos were less than 100 nm. A characteristic cup-shaped morphology was identified using TEM (Figure 1B). In the exosome fraction, Western blot analysis revealed strong CD9, CD63, and TSG101 (exosome markers) signals (Figure 1C). The Delta Nano C particle analyzer was used to characterize the characteristics of SExos in real time (ZetaView, Particle Metrix). The size of SExos was 121.8 ± 50.1 nm (mean ± SD) (Figure 1D). To investigate the communications between endothelial cells and SExos, we cocultured HGECs and PKH67-labeled SExos and photographed them using a confocal microscope at different time points (Figure 1E). The internalization of fluorescent exosomes was observed inside the endothelial cells, and it was found that exosomes had entered endothelial cells at 6 h, and the number of exosomes entering endothelial cells gradually increased over time.




Figure 1 | Serum exosomes from diabetic retinopathy and nephropathy patients could induce endothelial dysfunction. (A) The typical pathological kidney images and fundus images obtained from healthy people and a diabetic microvascular disease patient. PAS: The DMC biopsy sample showed proliferation and swelling of the endothelial cell (blue arrow), reduplication (double contour appearance) of the glomerular basement membrane (red arrow), mesangial expansion (black arrow), arteriolar hyalinosis (green arrow). Scale bar: 50 μm. Methenamine silver: Renal biopsy samples from the DMC patient show the swelling of the endothelial cells (red arrow) and reduplication (double contour appearance) of the glomerular basement membrane (black arrow). Scale bar: 50 μm. Electron microscopy: The slice from the DMC patient showed mesangial expansion (red arrow). Scale bar: 5 μm. Fundus: The fundus from DMC showed microhemangioma (green arrow), retinal exudates (red arrow), intraretinal hemorrhage (black arrow), and intraretinal microvascular abnormalities (IRMAs; violet arrow). (B) Identification of serum exosomes from CON patients and DRDN patients by transmission electron microscopy (TEM). Scale bar: 200 nm. (C) Western blotting was used to look for the exosomal markers CD9, CD63, and TSG101 in exosome samples. (D) Analysis of the size distribution of exosomes from patients using the NanoSight technology; the average size of serum exosomes was 107.5 ± 55.2 nm. (E) Exosome tracing experiment captured by confocal microscope. Blue for DNA dyed by DAPI and green for exosomes derived from DR+DN patients dyed by PKH67. HGECs were subjected to 6, 12, and 24 h of incubation with exosomes. Scale bar: 25 μm. PAS, Periodic acid–Schiff stain; DMC, diabetic microvascular complications; CON, healthy controls; DRDN, patients diagnosed with both diabetic retinopathy and diabetic nephropathy.



In order to verify whether the serum exosomes extracted from DR+DN patients could induce injury effect on endothelial cells, we cultured HGECs with exosomes from DR+DN patients and healthy participants, respectively, and extracted cellular protein and mRNA 48 h later. Endothelial dysfunction indicators such as ICAM-1 and VCAM-1, as well as CD31 and vWF, were increased in HGECs treated with DR+DN SExos, whereas CD31 and vWF were dramatically downregulated (Figures 2A, B). Cellular immunofluorescence confirmed that HGECs were injured when cocultured with the DR+DN-SExos (Figure 2C).




Figure 2 | Serum exosomes from diabetic retinopathy and nephropathy patients could induce endothelial dysfunction. (A) Western blot analysis of CD31, vWF, ICAM-1, and VCAM-1 in HGECs treated with serum exosomes from healthy people and DR+DN patients. (B) Grayscale analysis of Western blot in HGECs treated with serum exosomes from healthy people and DR+DN patients, N = 3, *P < 0.05, **P < 0.01, ***P < 0.001. (C) The cellular immunofluorescence of HGECs stained with CD31 (green fluorescence) and ICAM-1 (red fluorescence). Scale bar: 50 μm.





3.2 Analysis of Differentially Expressed Proteins by iTRAQ-Based Quantitative Proteomics

To investigate the molecular mechanism that DR+DN-SExos induce endothelial cell dysfunction, HGECs were treated with SExos from healthy participants (CON group) and DR+DN patients (DRDN groups). The differentially expressed proteins between the CON groups and the DRDN groups were identified using iTRAQ-based proteomics (Figure 3A). Qualitative control analysis on the test samples was carried out (Supplementary Figure S2).




Figure 3 | Global proteomics profiles of HGECs incubated with CON- and DRDN-SExo. (A) Technical route flowchart of metabolic profiles. (B) Volcano plot showing the relative content of differently between groups and the statistical differences. To create a volcano map, use log 2 (FC) as the abscissa and negative logarithm -log10 (adj. P-value) as the ordinate. There were 12 upregulated metabolites (red dots) and 8 downregulated metabolites (blue dots) (green dots). (C) Hierarchical clustering heat map of significantly differentially expressed proteins in all comparison groups. (D) Endothelial function-related proteins in differentially expressed protein profile.



The FDR strategy’s BH (Benjamini and Hochberg) approach was utilized to further adjust the P-value of the multiple tests and obtain the adj. P-value. Finally, the differences of protein were screened out based on the differences between the multiple and the adj. P-value. Criteria for significant differences in expression are shown as follows: when the comparison group’s adj. P-value ≤0.05 and the fold change ≥1.5 (upregulation of expression) or fold change ≤0.67 (downregulation of expression), the expression is considered as a significant variety. Figure 3B depicted the volcano plots of proteins retrieved from healthy volunteers and DR+DN patients in HGECs treated with SExos. Results showed that after the treatment with 50 mM SExos from DR+DN patients for 48 h, a total of 185 differentially expressed proteins were identified in HGECs with 87 proteins upregulated (red dots) and 98 proteins downregulated (blue dots). The significant differences of expressed proteins between the groups were observed in the hierarchical clustering heat map as shown in Figure 3C. Figure 3D showed the proteins associated with endothelial dysfunction of the profile. Among the differentially expressed proteins, fibrinogen alpha chain (FGA) was the highest elevated (fold change: 4.024). Transforming growth factors beta 1 (TGFβ1) and Collagen Type I Alpha 1 Chain (COL1A1) have been linked to the diabetic endothelial-to-mesenchymal transition and have been shown to worsen diabetic glomerulosclerosis (44, 45). Circulating ICAM-1 levels are positively connected with albuminuria in individuals with type 1 diabetes (T1D) and T2D (46, 47). ICAM-1 is an endothelial damage protein marker (46). S100A6 is an important component of the PPP5C-FKBP51 axis, which protects the endothelium barrier from calcium entry-induced disruption (48).



3.3 Function Analysis of the Differentially Expressed Proteins in Human Glomerular Endothelial Cells Affected by Serum Exosomes Extracted From DR+DN Patients

The GO is an international classification system for gene functions that provides a systematic up-to-date standard vocabulary (controlled vocabulary) to thoroughly characterize the properties of genes and gene products in organisms. The GO annotation results of the differentially expressed proteins were shown in Figure 4A and Supplementary Material S3, revealing that the majority of these proteins are involved in bacterial response, defense response, acute inflammatory response, biotic stimulus, inorganic substance response, and inflammatory response.




Figure 4 | Function analysis of the differentially expressed proteins in HGECs affected by DR+DN patients’ SExos. (A) Circus plots of GO Classification Annotation of differential protein. (B) Pathway annotated result statistics chart. A histogram of the top 20 pathway names sorted by the number of annotated proteins. The abscissa represents the number of proteins, and the ordinate represents the annotated KEGG entry. (C) Differential protein COG classification annotation bar graph. Take differential protein as the analysis object, perform COG functional classification analysis, and compare the functional classification of upregulation and downregulation. (D) Statistics of subcellular localization results of differential proteins. Sub-cells are shown by the abscissa, while the number of proteins is represented by the ordinate.



The metabolic pathway, the focal adhesion pathway, the arginine and proline metabolism pathway, the phagosome pathway, the tight junction pathway, and the ECM–receptor interaction pathway were among the key pathways identified by the KEGG pathway annotation analysis (Figure 4B and Supplementary Material S4). The results of GO and KEGG analysis showed that the endothelial dysfunction mechanism of the DR+DN patients’ SExos was mainly affected by the metabolism processes and the multicellular communication processes and might have some correlations with the cell junction and inflammation processes.

The Cluster of Orthologous Groups of Proteins (COG) is a database that categorizes proteins into orthologous groups. The proteins constituting each type of COG are assumed to be derived from an ancestor protein and therefore are either orthologs or paralogs. The COG database was compared to the discovered proteins, and probable functions were anticipated using a functional categorization statistical analysis. Figure 4C and Supplementary Material S5 showed the comparison of these statistical results with the COG database. The abscissa represents the number of proteins, and the ordinate represents the COG entry annotated. The upregulated proteins had a higher concentration of COG annotations in the categories of energy production and conversion, secondary metabolite biosynthesis transport and catabolism, amino acid transport and metabolism, and lipid transport and metabolism. The COG annotations for downregulated proteins were in the following order: posttranslational modification, protein turnover, chaperones, amino acid transport and metabolism, nucleotide transport and metabolism, and carbohydrate transport and metabolism. Other proteins were solely implicated in predicting general function and other metabolism processes. These findings suggest that SExos’ endothelial cell-damaging effects are linked to its ability to influence protein interactions and enzymatic processes.

It is only when proteins are transported to the correct position that the subcellular structures can perform different biological functions of organisms and participate in various cell activities. Therefore, it is very important to understand the protein subcellular location information for the organism activities. The subcellular location prediction was done using the Wolf PSORT website, and the statistical map of the prediction findings for differential subcellular positioning is displayed in Figure 4D and Supplementary Material S6 (the abscissa represents the subcellular, and the ordinate represents the number of proteins). From the results, it can be seen that the subcellular localization is mainly concentrated in the area of the nucleus, cytoplasm, ECM, coexistence of nucleus and cytoplasm, and mitochondria. The functional analysis of proteomics profiling all pointed to the metabolic process.



3.4 Protein Interaction Network Analysis and Parallel Reaction Monitoring Validation of the Differentially Expressed Proteins in Human Glomerular Endothelial Cells Affected by Patients’ Serum Exosomes

To identify putative interactions between differentially expressed proteins, we created a PPI network using the STRING database version 9.0 (Figure 5A). Our analysis revealed that a majority of the screened proteins interact with one another directly or indirectly. We discovered 96 proteins linked to PPI networks in this PPI network. Fibronectin 1 (FN1) was the most important hub among these proteins, connecting with 19 others.




Figure 5 | PPI analysis and PRM validation of significantly differentially expressed proteins in HGECs incubated with CON- and DRDN-SExo. (A) PPI analysis of differentially expressed proteins to describe putative links between the adhesion-related proteins tested. (B) PRM validation of FIBA protein in CON and DRDN groups.



The most complicated networks contained FN1, COL1A1, and superoxide dismutase 2 (SOD2). As a result, these proteins should be given specific attention in follow-up investigations on DN dysfunction. SOD2 has been linked to diabetic microvascular problems such as DR and retinopathy. Among its related pathways are apoptosis and survival_anti-apoptotic action of nuclear ESR1 and ESR2 and oxidative stress. GO annotations related to this gene include identical protein binding and oxygen binding. Fibronectin, a protein involved in cell adhesion and migration, including embryogenesis, wound healing, and blood coagulation, is encoded by the FN1 gene. FN1 is linked to glomerulopathy with fibronectin deposits. The pathways of integrin cell surface contacts and VEGF signalling are linked. COL1A1 gives instructions for creating a part of type I collagen, the most abundant type of collagen in the human body. The VEGF signaling pathway is also linked to COL1A1.

FIBA, ICAM-1, and Peptidylprolyl Cis/Trans Isomerase, NIMA-Interacting 4 (PIN4), endothelial function proteins, were chosen and confirmed using PRM analysis to further investigate the target proteins. We explored that the levels of FIBA and ICAM-1 in SExos-induced HGECs were increased 1.37-fold and 1.21-fold, respectively, and the level of PIN4 was deceased 0.78-fold (Table 1). The validation results were compatible with the protein analysis data, even though the fold change values differed. Figure 5B showed the fragment ion peak distribution of FIBA peptides in all samples. Protein levels of FIBA were significantly upregulated in DR+DN-SExos-incubated HGECs.


Table 1 | Confirmation of potential differentially expressed proteins related to endothelial function using PRM analysis.





3.3 Global Metabolic Changes in Human Glomerular Endothelial Cells Incubated With CON/DRDN-SExos

To further explore the metabolites and metabolic processes that DR+DN patients’ SExos induce endothelial dysfunction, the UPLC-MS/MS detection platform, combined with the univariate and multivariate statistical analysis methods, was used to study the metabolome differences between groups. Metabolite quantification was performed by using the MRM mode analysis of triple quadrupole mass spectrometry (Figure 6A). Supplementary Figure S7 showed the overlay of the total ion current (TIC) graph using mass spectrometry detection for the quality control sample. The TIC curves for metabolite detection include a lot of overlap, indicating that signal stability is better when the mass spectrometer detects the same sample multiple times.




Figure 6 | Metabolic profiles of HGECs incubated with CON- and DRDN-SExo. (A) Schematic diagram of the mass spectrometry multi-reaction monitoring mode. (B) The overall cluster diagram of the sample. The horizontal is the sample information, and the vertical is the metabolite information. Scale represents the obtained value after the standardization of the relative content of metabolites (the redder the color, the higher the content), and Group represents the grouping. (C) Volcano map of differential metabolite. A metabolite is represented by each point on the volcano map, with the green point representing the differential metabolite that is downregulated, the red point representing the differential metabolite that is upregulated, and the gray point representing the metabolite that is detected but not significantly different. The ordinate shows the VIP value, while the abscissa represents the logarithmic value of the relative content difference of the metabolites in the two groups. (D) Differential metabolite diagram in the form of a violin. The abscissa represents the sample, while the ordinate represents the differential metabolite’s relative content (original peak area). The interquartile range is shown by the middle box, the 95% confidence interval is represented by the thin black line that extends from it, the median is represented by the black horizontal line in the center, and the data distribution density is represented by the outside shape. (E) Differential metabolites are depicted as a chord diagram. The log2 FC value of the different metabolites is the outermost layer in the figure; the different colors represent the different classifications of the corresponding metabolites; the line represents the size of the Pearson correlation coefficient between the corresponding different metabolites, the positive correlation is represented by the pink line, and the negative correlation is demonstrated by the blue line; the line represents the size of the Pearson correlation coefficient between the corresponding different metabolites, the positive correlation is represented by the pink line, and the blue line represents negative correlation. By default, plot the differential metabolites with |r| > 0.8 and P < 0.05.



Based on the OPLS-DA results, the resulting variable importance projection (VIP) of the OPLS-DA model can be used to filter different metabolites between groups. Simultaneously, the univariate analysis P-value and fold change were employed to select other differential metabolites. When a metabolite met the conditions of fold change ≥2/≤0.5 and VIP ≥1, it was selected as a differential metabolite. The clustering heat map for different metabolites were shown in Figure 6B, with the ordinate representing the main differentially selected metabolites. The volcano plot shown in Figure 6C presented the relative contents of different metabolites and the statistical differences between the groups. There were 12 upregulated metabolites (red dots) and 8 downregulated metabolites (green dots). The details of differential metabolites between CON and DRDN groups had been demonstrated in Supplementary Material S8.

In order to show the data distribution density of different metabolites between groups, a violin chart showing the 4 differential metabolites which were the most significantly expressed was drawn with the ordinate representing the relative content of the different metabolites (Figure 6D). It was found that 1-MH, deoxycholic acid, apocholic acid, and deoxyribose 5-phosphate were the most changed metabolites after endothelial cells were treated with DR+DN patients’ SExos. The Pearson correlation analysis method (Figure 6E) was performed, and results showed that 1-MH, deoxycholic acid, and apocholic acid presented the positive correlations with butanone acid, while 1-MH presented the negative correlation with deoxyribose 5-phosphate.



3.4 Function Analysis of Differential Metabolites in Human Glomerular Endothelial Cells Treated With CON/DR+DN-SExos

The possible metabolic processes for different metabolites were investigated by the KEGG pathway classification analysis. Figure 7A and Supplementary Material S9 show the KEGG classification of the different metabolites, with the ordinate representing the KEGG metabolic pathway and the abscissa representing the number of different metabolites annotated to the pathway and their proportion to the total number of annotated metabolites. The metabolic pathways, which include starch and sucrose metabolism, pyrimidine metabolism, and purine metabolism, had the highest value of 85.62%, as expected. It is to be noted that the taste transduction is also one of the most important pathways. Because traditional enrichment analysis focuses on metabolites that are considerably upregulated or downregulated, it is easy to overlook metabolites that are not significantly differently expressed but have major biological implications. The MSEA was carried out using the MetaboAnalyst database (http://www.metaboanalyst.ca/). Figure 7B and Supplementary Material S10 show the findings of the analysis. Cysteine and methionine metabolism, pantothenate and CoA biosynthesis, vitamin B6 metabolism, drug metabolism, and phenylalanine metabolism were the most important metabolic sets. The metabolic pathway enrichment was then performed simultaneously using the HMDB (https://hmdb.ca/) (Figure 7C, Supplementary Material S11). Transaldolase deficit, ribose-5-phosphate isomerase deficiency, pentose phosphate route, and glucose-6-phosphate dehydrogenase shortage were the most important metabolic pathways.




Figure 7 | Function analysis of differential metabolites in HGECs treated with CON/DR+DN-SExos. (A) KEGG classification of various metabolites. The ordinate is the KEGG metabolic pathway, while the abscissa is the number of differential metabolites ascribed to the route and its fraction of the overall number of annotated metabolites (B) MSEA enrichment analysis chart. The ordinate indicates the name of the metabolic set, which corresponds to the P-value of the labeled metabolic set; the abscissa indicates the fold enrichment; the color indicates the P-value. (C) HMDB enrichment map for different metabolites. The abscissa is the rich factor associated with each path, whereas the ordinate is the path’s noun. The number of different metabolites enriched is represented by the size of the dot, and the color of the point denotes the P-value.





3.5 Integration Analysis Between Metabolomics and Proteomics

According to the enrichment analysis results of differential metabolites and differential proteins, the histogram was drawn to show the degree of enrichment of pathways with differential metabolites and differential proteins at the same time (Figure 8A). The most noticeable pathway was the carbohydrate digestion and absorption, which was significant in the pathways with the coexistence of both differential proteins and differential metabolites. Moreover, the most significant pathway of differential protein in joint analysis was the arginine and proline metabolism that were reported to have specific associations with diabetic complications (49).




Figure 8 | Integration analysis between metabolomics and proteomics. (A) Analysis of KEGG enrichment histogram of P-values. The metabolic route is indicated by the abscissa, the enriched P-value of differential metabolites is represented by red on the ordinate, and the enriched P-value of differential proteins is represented by green on the ordinate (P-value). (B) Correlation coefficient clustering heat map. Each row represents a protein, and each column represents a metabolite in the diagram. A positive correlation between genes and metabolites is represented by red, whereas a negative correlation between proteins and metabolites is represented by green. (C) Loading diagram of metabolites. The distance from each point in the figure to the origin or the height of the bar graph represents the correlation between matter and proteomics. (D) Diagram of a correlation network. Proteins are represented by green triangles, while metabolites are represented by blue squares. Positive correlation is shown by the black line, while negative correlation is represented by the red line.



To investigate the link between metabolites and proteins, the Pearson correlation matrix was used (Figure 8B). Differential proteins expressed by endothelial cells treated by patient’s SExos showed a strong correlation with L-lysine-butanoic acid, 1-MH, deoxycholic acid, PC (16:0/2:0), apocholic acid, deoxyribose 5-phosphate, lumichrome, D-(+)-sucrose, and butanone acid.

Then, an O2PLS model was established based on all differential proteins and differential metabolites. The load diagram was used to preliminarily select the metabolites with high correlation and weight and screen out the metabolites that have the greatest impact on the differentially expressed proteins (Figure 8C). Results showed that 1-MH, D-(+)-sucrose, and deoxyribose 5-phosphate presented the greatest impacts. Then, the differential proteins and differential metabolites with correlations greater than 0.8 in all analysis pathways were selected for the network diagram (Figure 8D, Supplementary Material S12). It could be seen that 1-MH and FIBA had a positive correlation, while 1-MH had a negative correlation with superoxide dismutase [Mn] (SODM), integrin beta-3 (ITB3), and 5-Oxoprolinase (OPLA). Here, 1-MH was the most significant metabolite of endothelial cells processed by DR+DN patients’ SExos according to the metabolic analysis and was also the differential metabolite that was closely related to the differential proteins from the analysis above.



3.6 Overexpression of Fibrinogen Alpha Chain Exacerbated Endothelial Cell Injury in Human Glomerular Endothelial Cells

Using adenovirus-mediated expression of FGA shRNA, we were able to successfully overexpress FGA (shFGA group). FIBA levels were considerably overexpressed in HGECs compared to untransfected HGECs (CON group) and vector control cells (shCON group) (Figure 9A). In order to verify whether overexpression of FGA could injure endothelial cells, we cultured HGECs with shFGA and high-glucose culture medium (HG group), respectively, and extracted cellular protein 48 h later. The protein expressions of endothelial dysfunction markers including ICAM-1 and VCAM-1 were upregulated in shFGA and HG groups, while CD31 and vWF were significantly downregulated (Figure 9B).




Figure 9 | Overexpression of FGA exacerbated endothelial cell injury in HGECs; 1-MH rescued HGEC from injury induced by high glucose. (A) FIBA levels were considerably elevated in HGECs transplanted with FGA overexpressed shRNA compared to untransfected HGECs (CON group) and vector control cells (shCON group) (shFGA group). (B) The protein expressions of ICAM-1 and VCAM-1 were upregulated in shFGA and HG groups, while CD31 and vWF were significantly downregulated. (C) Compared with HG and +PBS groups, the protein expressions of ICAM-1 and VCAM-1 were significantly downregulated in HGECs with the increase of 1-MH content, while CD31 and vWF were upregulated. (D) The chemical structural formula of 1-MH.





3.9 1-Methylhistidine Rescued Human Glomerular Endothelial Cells From Injury Induced by High Glucose

To further explore the effect of 1-MH on endothelial function, we added 1-methyl-L-histidine solution to HG-incubated HGECs (+1-MH group). The control group was HGECs incubated with HG culture medium added with the same volume of PBS (+PBS group). Compared with HG and +PBS groups, the protein expressions of ICAM-1 and VCAM-1 were significantly downregulated while CD31 and vWF were upregulated (Figure 9C). The increase of 1-MH could weaken the impairment effect of high glucose on HGECs. The chemical structural formula of 1-MH is shown in Figure 9D.




4 Discussion

DN and DR are the most common diabetic microvascular complications (2, 4, 5). However, the pathogenesis is still unclear. To date, there is rarely a proteomic profile or metabolome analysis involving diabetic SExos-induced endothelial dysfunction. We used TMT-based LC-MS/MS technology for the first time to characterize the whole proteome of HGECs incubated with SExos from DR+DN patients and UPLC-MS/MS analysis to investigate the differential metabolites. In this work, TMT technology was used to quantitatively analyze HGECs treated with SExos from healthy people or DR+DN patients, and a targeted metabolomic approach was applied to find 87 upregulated proteins and 98 downregulated proteins in HGECs treated with SExos from DR+DN patients. FGA was the most upregulated protein among the differentially expressed proteins. FGA encodes the alpha subunit of the coagulation factor fibrinogen (FIBA), which is a component of blood clot (50, 51). An important paralog of FGA is FN1, which is also the protein that interacts directly with most other proteins in PPI analysis. The researchers next used a broad-target metabolome study to detect 12 upregulated and 8 downregulated metabolites, with 1-MH showing the most significant changes in HGECs treated with SExos. A joint analysis of differential proteins and differential metabolites was conducted to further determine the role of target metabolites in DRDN and explore the link between differential proteins and differential metabolites. The results showed that 1-MH and FIBA may be correlated in the pathology of DR and DN. Overexpression of FGA worsened endothelial cell injury in HGECs in vitro, whereas 1-MH protected HGECs from injury caused by high glucose.

The coincidence of retinal and nephropathy pathology in diabetic patients is recognized, and the definition of “renal-retinal syndrome” has been proposed in the literature (52). In diabetes, endothelial dysfunction occurs in both the retina and kidney, indicating that there might exist potential factors inducing endothelial cell damage in the circulation. Exosomes carrying a variety of proteins and RNAs are vesicles actively secreted by cells (14–16). Exosomes play a role in cell communication, cell migration, tumor cell development, and angiogenesis (14–16). Exosomes abundant in serum have multiple activities, such as remodeling the ECM and releasing the contents into recipient cells to deliver signals and molecules to target cells and organs (16). Differentially expressed proteins and metabolites in HGECs incubated with SExos from DR and DN patients were discovered in this study, demonstrating that SExos can mediate changes in the expression of proteins and related metabolites in endothelial cells, affecting the function of the microvascular endothelial barrier in diabetes.

Under physiological conditions, microvascular endothelial cells mainly exert anticoagulant activity (53, 54). When microvascular endothelial cells are damaged, they lose their coagulation activity and exert procoagulant activity (53–55). Fibrinogen is a critical coagulation factor that plays a role in diabetic vascular disease, and fibrinogen synthesis is increased in T2D (56, 57). Furthermore, hyperfibrinogenemia is a marker for inflammatory alterations that result in endothelial dysfunction (56, 58, 59). According to this research, despite correcting for a range of factors in type 2 diabetes mellitus (T2DM), serum fibrinogen and DR show an independent connection, suggesting that they may play a role in the development of diabetic microvascular issues (60). There was a significant connection between retinopathy and serum fibrinogen level in DM participants after adjusting for all traditional indicators of atherosclerosis except serum creatinine (61). When serum creatinine was added to the other markers, the association was attenuated (61). In T2D individuals with higher urine albumin excretion, fibrinogen is upregulated and albuminuria is linked to increased fibrinogen and albumin production (62, 63). Plasma fibrinogen is required for the regulation of the inflammatory response, and high levels of plasma fibrinogen are linked to increased inflammation (64, 65). Plasma fibrinogen is a strong predictor of DN in T2D patients, according to earlier research. Fibrinogen is a protein that is released in the acute phase of infection or systemic inflammation (66–68). Furthermore, it is widely known that total fibrinogen levels rise during inflammation (68). Many studies have found that patients with diabetic microvascular problems had high plasma fibrinogen levels and that plasma fibrinogen levels are associated with the severity of DR (60). In this study, the proteomic profiles and PRM results showed that FIBA was significantly upregulated in HGECs cultured with DR+DN patients’ SExos. WB results confirmed that FIBA was significantly increased in HGECs incubated in high glucose, consistent with the trend in previous studies.

Metabolite 1-MH is a biological derivative of the dipeptide anserine, classified as a methylamino acid, which is abundantly presented in muscles (69). 1-MH was reported to be associated with the increased rate of chronic kidney disease (CKD) (70). In a previous study, 1-MH was measured to be decreased in the plasma of DM (71). In our study, the content of 1-MH in HGECs treated with SExos from DR+DN patients was significantly reduced. The latest study indicated that the visceral adipose tissues of metabolic syndrome presented a decreased 1-MH compared with non-obese individuals (72). The level of urinary 1-MH of patients with arterial hypertension is recognized to decrease (73). High 1-MH concentration in the urine is independently associated with the lower risk of graft failure in kidney transplant recipient, (KTR) (74). In our study, 1-MH could reverse the HGEC injury induced by high glucose, demonstrating the protective effect of 1-MH on endothelial cells under a high glucose environment.

The correlation network of differentially expressed proteins and differential metabolites indicated that SODM, OPLA, and ITB3 presented positive correlations with 1-MH, while FIBA presented negative correlations with 1-MH. However, the pathway between 1-MH related to FIBA that affects the diabetic microvascular endothelial barrier still needs further verification, which we will conduct in the follow-up experiments. In our joint bioinformatics analysis results, the MSEA pathway enrichment result showed that the cysteine and methionine metabolism might play an essential role in the pathogenic process of diabetic endothelial dysfunction. It has been reported that, compared to the human donors from the age-matched non-diabetic people, the retina from DR patients presented up to 3-fold higher homocysteine levels, and the key enzymes that are important for cysteine metabolism show 40%–60% lower levels in the retinal microvasculature from DR donors (75). By constricting vessels, modifying blood coagulant characteristics, causing oxidative harm to the vascular endothelium, and damaging the arterial walls, abnormal cysteine metabolism can induce cardiovascular disorders (76). Homocysteine levels in diabetes are thought to be a biomarker for microvascular problems such as diabetic neuropathy, retinopathy, and nephropathy (76). Elevated oxidative stress and reactive oxygen species (ROS), which produce glomerular endothelial dysfunction, result in a change in GFR, which causes renal dysfunction as seen by increased homocysteine and cysteine, according to studies (77, 78). Moreover, previous studies reported the importance of the KEGG pathway taste transduction in the pathogenic process, which addresses our attention. Hispanic individuals with lower carotid plaque have different allele frequencies for single-nucleotide polymorphism (SNPs) within the taste receptor genes compared to those of Hispanic individuals with a more significant plaque burden (79). The sweet taste receptors were reported to be involved in the activation of ROS-NLR family pyrin domain containing 3 (NLRP3) inflammasome signaling in the pathogenesis of DN, suggesting that the taste transduction pathway might be the potential pathogenic pathway in DN (80). Pulmonary microvascular barrier dysfunction could be alleviated by activating the sweet taste receptor (81).

However, some limitations must be considered when interpreting the outcomes of this study. The first is the metabolomics and proteomics analyses’ sample size constraint. The second constraint is the link between 1-MH and FIBA, which necessitates the use of additional metabolomics methods to quantify and verify small-molecule metabolites. In the future, we will further explore the roles of FIBA and 1-MH in the microvascular endothelial barrier of diabetes by using transfection technology, high glucose-incubated endothelial cell model and streptozotocin (STZ)-induced rat model. To investigate the damage effect and mechanism of SExos from DR+DN patients on endothelial cells, in vitro studies, metabolomics, proteomics, and bioinformatics were combined. From the results, it can be confirmed that patients’ SExos might cause endothelial dysfunction mainly by upregulating FIBA and downregulating 1-MH; FIBA correlating to 1-MH might be through the pathway of reducing the excessive cysteine and methionine metabolism. Taste transduction could possibly play a role.

Overall, our findings suggest that FIBA overexpression and 1-MH loss may be linked to the pathogenicity of diabetic endothelial dysfunction in DR/DN, implying that a cohort study is needed to further investigate the role of FIBA and 1-MH in the development of DN and DR, as well as the related pathways between the two proteins.
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Objective

This study aimed to investigate the inhibition of human important phase II metabolic enzyme sulfotransferases (SULTs) by phthalate monoesters, which are important metabolites of phthalate esters (PAEs).



Method

Recombinant SULT-catalyzed metabolism of p-nitrophenol (PNP) was employed as the probe reactions of SULTs to investigate the inhibition of 8 kinds of phthalate monoesters towards SULT isoforms. An in vitro incubation system was utilized for preliminary screening, and 100 μM of phthalate monoesters was used. Inhibition kinetics were carried out to determine the inhibition of SULTs by phthalate monoesters.



Result

Multiple phthalate monoesters have been demonstrated to exert strong inhibition potential towards SULT1A1, SULT1B1, and SULT1E1, and no significant inhibition of phthalate monoesters towards SULT1A3 was found. The activity of SULT1A1 was strongly inhibited by mono-hexyl phthalate (MHP), mono-octyl phthalate (MOP), mono-benzyl phthalate (MBZP), and mono-ethylhexyl phthalate (MEHP). Monobutyl phthalate (MBP), MHP, MOP, mono-cyclohexyl phthalate (MCHP), and MEHP significantly inhibited the activity of SULT1B1. MHP, MOP, and MEHP significantly inhibited the activity of SULT1E1. MOP was chosen as the representative phthalate monoester to determine the inhibition kinetic parameters (Ki) towards SULT1B1 and SULT1E1. The inhibition kinetic parameters (Ki) were calculated to be 2.23 μM for MOP-SULT1B1 and 5.54 μM for MOP-SULT1E1. In silico docking method was utilized to understand the inhibition mechanism of SULT1B1 by phthalate monoesters.



Conclusions

All these information will be beneficial for understanding the risk of phthalate monoester exposure from a new perspective.
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Introduction

Phthalate esters (PAEs) are softening chemicals that are widely used in homes and industries as plasticizers (1). PAEs are commonly used and can easily cause harm to human body. Humans are exposed to PAEs mainly through respiratory inhalation, skin absorption, and dietary intake (2). PAEs have been found to affect the reproductive system in animals, and epidemiological studies have shown that high doses of PAEs affect the endocrine and reproductive systems in humans (3, 4). PAEs are eliminated through a two-step metabolic process in the body, and the metabolic processes contain phase I and phase II (conjugation) metabolism (5). PAEs are metabolized into phthalate monoesters in the human body through the phase I biotransformation (6). PAEs with low molecular weight are excreted in urine and feces mainly as monoesters; in contrast, phthalates with high molecular weight can be further metabolized by hydroxylation or oxidation after conversion to monoesters to produce a large number of oxidative metabolites (7). In recent years, more and more attention has been paid to the effect of phthalates on human health. Some studies have shown that phthalate monoesters have higher biological activity and toxicity than the parent compound (8).

Sulfotransferases (SULTs) are an enzyme that catalyzes the sulfuration of various endogenous and exogenous substrates. Sulfuryl transfer reaction has important basic biological significance (9). SULT catalyzes the transfer of a sulfuryl group provided by 3′-phosphoadenosine-5′-phosphosulfate (PAPS) to a receptor substrate, a process originally referred to as sulfate (10). Sulfation is an important conjugation pathway responsible for detoxification and elimination of a series of exogenous and endogenous small molecules in the body (11), and is an important mechanism for regulating the biological activity of various hormones and neurotransmitters (12). For example, SULT1C4 has been shown to sulfonate estrogen compounds, and sulfation is also an important pathway for thyroid hormone metabolism (13, 14). As a phase II metabolic enzyme, human SULTs show complex patterns of broad, differential, and overlapping substrate selectivity (15, 16). Although substrates of each subtype of SULTs have certain intersections, there are corresponding specific substrates. Thirteen expressed SULT genes are included in the human genome, and they encode 13 known SULT enzymes, although each gene does not produce a single protein (9). Many endogenous and exogenous chemicals are metabolized primarily in the liver; human SULTs include 4 families in which SULT1 and SULT2 enzymes are expressed in human liver (17).

The purpose of this study was to investigate the inhibitory effect of phthalate monoesters on the activities of human SULTs. Eight phthalate monoesters commonly used in industry were selected as inhibitors, and four SULT isoforms (SULT1A1, 1A3, 1B1, and 1E1) were selected for the experiments. In addition, preliminary inhibition screening, inhibition kinetic type, and parameters were determined, and in silico docking and in vitro–in vivo extrapolation (IVIVE) were carried out.



Materials and Methods


Chemicals and Reagents

Eight phthalate monoesters (the structures of phthalate monoesters are given in Figure 1) were purchased from J&K Chemical (Beijing, China). Human SULT isoforms (SULT1A1, 1A3, 1B1, and 1E1) were obtained from BD Gentest Corp (Woburn, MA, USA). 4-Nitrophenol (PNP) and its sulfate PNP-S,3′-phosphoadenosine-5′-phosphosulfate (PAPS), Tris-HCl, and MgCl2 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultra-performance liquid chromatography (UPLC) grade acetonitrile was purchased from Tianjin Saifurui Technology Ltd. Millipore Elix 5 UV and Milli-Q Gradient Ultra-Pure Water System were used for the preparation of ultra-pure water. Other reagents were of ultra-performance liquid chromatography (UPLC) grade or of the highest grade commercially available.




Figure 1 | The structure of eight phthalate monoesters.





Enzyme Activity Assays and Kinetic Study

The incubation system (total volume = 200 μl) containing 100 mM of Tris-HCl buffer (pH 7.4), 5 mM of MgCl2, 40 μM of PAPS, SULTs, and PNP. The concentrations of SULT 1A1, SULT1A3, SULT1B1, and SULT1E1 were 10 μg/ml, 10 μg/ml, 20 μg/ml, and 10 μg/ml, respectively. In the incubation process, a 3-minute pre-incubation was performed, and then PAPS was added to initiate the metabolic reaction. The reaction temperature was 37°C and the reaction time was 30–60 min. At the end of the reaction, 200 μl of ice-cold acetonitrile was added for termination. An incubation solution without phthalate monoesters was used as a control. Then, after centrifugation at 12,000 rpm, 10 μl of supernatant was taken for analysis with liquid chromatography (UPLC)-UV instrument. The column used for UPLC separation is a C18 column (4.6*200 mm, 5 μm, Kromasil) with a flow rate of 0.4 ml/min and a column temperature of 25°C. The mobile phase is 0.5% formic acid aqueous solution for phase A and acetonitrile for phase B. The gradient condition was used as follows: 0–6 min, 5% B; 6–8 min, 95% B; 8–14 min, 95% B; 14–17 min, 5% B. The detection wavelength was 280 nm. The incubation system (total volume = 200 μl) containing 100 μM of phthalate monoesters, Tris-HCl buffer (50 mM, pH 7.4), MgCl2 (5 mM), PAPS (40 μM), SULTs, and PNP was used to determine the Michaelis constant (Km) of PNP metabolites. The used concentration range was 1–400 μM for SULT1A1, 0.1–7 mM for SULT1A3, 0.1–1 mM for SULT1B1, and 0.1–1.2 mM for SULT1E1. The kinetic parameters (Vmax and Km) were determined through fitting the data to the Michaelis–Menten equation or the substrate inhibition equation using Prism 4 software.



Preliminary Investigation of the Inhibition of Phthalate Monoesters on SULTs

4-Nitrophenol was employed as a nonselective probe substrate for human SULT isoforms to investigate the inhibition of phthalate monoesters on SULT isoforms. The incubation system (total volume = 200 μl) containing 100 μM of phthalate monoesters,100 mM of Tris-HCl buffer (pH 7.4), 5 mM of MgCl2, and 40 μM of PAPS, and the concentrations of 4-nitrophenol and SULTs are different. The concentrations of 4-nitrophenol were 40, 1,200, 40, and 120 μM for SULT1A1, SULT1A3, SULT1B1, and SULT1E1, respectively. In addition, the concentrations of SULT isoforms were 10, 10, 20, and 10 μg/ml for SULT1A1, SULT1A3, SULT1B1, and SULT1E1, respectively. The absence of phthalate monoesters was set as the negative control. After pre-incubation at 37°C for 3 min, 40 μM PAPS were added for the reaction. The metabolic reaction is terminated by the addition of acetonitrile of the same volume and ensures that the incubation time can reach 30–60 min according to different SULTs. The optimized microsome protein concentration and incubation time were used to ensure linear velocity (v). The final mixture was centrifuged at 12,000 rpm for 10 min, and the supernatant of 10 μl was then used for ultra-performance liquid chromatography (UPLC)-UV instrument. All experiments were repeated in two independent experiments. Screening of phthalate monoesters was carried out with a SULT inhibition rate greater than 80% for subsequent experiments.



Determination of Half Inhibition Concentration and Evaluation of Inhibition Kinetics

The concentration-dependent inhibition effect of phthalate monoesters on SULTs was investigated using different concentrations of phthalate monoesters (ranging from 0 μM to 100 μM), and the half inhibition concentration (IC50) was calculated. Based on different SULT isoforms, multiple concentrations of 4-Nitrophenol (covering the Km value) and phthalate monoesters (covering the IC50 values) were used to determine the inhibition kinetics. Lineweaver–Burk plots are used to determine the type of inhibition kinetics. The second plot was used to calculate the inhibition kinetic parameters (Ki), using the linear slope of the Lineweaver–Burk double reciprocal plot and the concentration of the inhibitor phthalate monoesters.



In Vitro–In Vivo Extrapolation

In vivo inhibition magnitude of SULTs was determined through IVIVE. The following equation was used:

	

The terms are defined as follows: AUCi/AUC was the predicted ratio of in vivo exposure of xenobiotics or endogenous substances with or without the co-exposure of phthalate monoesters. [I] was the in vivo exposure concentration of phthalate monoesters, and the Ki was the in vitro inhibition constant. The standard used was as follows: [I]/Ki < 0.1, low possibility; 0.1 < [I]/Ki < 1, medium possibility; [I]/Ki > 1, high possibility.



In Silico Docking

In order to better clarify the molecular interaction between phthalate monoesters and SULTs, an in silico docking method was used to dock the chemical structure of phthalate monoesters into the activity cavity of SULTs. Three-dimensional (3D) structure of SULT isoforms was established using a homology modeling method. Autodock Version 4.2 was employed to dock the flexible small molecule of phthalate monoesters into the rigid protein of SULTs. The non-polar hydrogen atoms of SULT enzymes were merged. The gridbox was generated with 60 × 60 × 60 in X, Y, and Z coordinates, covering the entire ligand-binding site. Lamarckian Genetic Algorithm (LGA) method was selected to possess molecular docking study for the binding of phthalate monoesters towards SULTs. The interactions between phthalate monoesters and SULTs were analyzed, including hydrogen bonds and hydrophobic contacts.



Statistical Analysis

Experimental data were expressed as the mean value plus standard deviation (S.D.). Statistical analysis between two groups using a two-tailed unpaired Student’s t-test. Multiple groups were compared using the one-way ANOVA, and p < 0.05 was considered to be significant.




Results


Preliminary Inhibition Screening of Phthalate Monoesters Towards SULT Isoforms

The inhibition of phthalate monoesters on SULT1A1, SULT1B1, and SULT1E1 is shown in Figure 2, and multiple phthalate monoesters have strong inhibition towards SULT1A1, SULT1B1, and SULT1E1. MHP, MOP, MBZP, and MEHP significantly inhibited the activity of SULT1A1. MBP, MHP, MOP, MCHP, and MEHP significantly inhibited the activity of SULT1B1. MHP, MOP, and MEHP significantly inhibited the activity of SULT1E1. As shown in Figure 2B, relatively more phthalate monoesters exhibited strong inhibition towards SULT1B1, with more than 80% activity inhibited by 100 μM of phthalate monoesters. All phthalate monoesters have no significant inhibition on the activity of SULT1A3 (Supplementary Figure 1). According to the preliminary screening results, we can find some structure–activity relationship for the inhibition of SULTs by phthalate monoesters. Phthalate monoesters with long chains inhibit the activity of SULTs relatively strongly, while phthalate monoesters with short chains (e.g., MMP, MEP, etc.) showed no significant inhibition towards all SULTs isoforms.




Figure 2 | The preliminary inhibition screening of phthalate monoesters towards SULT1A1 (A), SULT1B1 (B), and SULT1E1 (C). The data were given as mean value plus SD; *p < 0.05.





Inhibition Kinetic Analysis

Some phthalate monoesters significantly inhibited SULT1A1, SULT1B1, and SULT1E1, and IC50 was further determined. The concentration-dependent inhibition of MHP and MOP towards SULT1A1, SULT1B1, and SULT1E1 was exhibited (Figure 3). The concentration-dependent inhibition curve for other phthalate monoesters towards other SULTs isoforms are given in Supplementary Figure 2. The IC50 values for the inhibition of MHP, MOP, MBZP, and MEHP towards SULT1A1 were calculated to be 17.1, 5.6, 0.3, and 2.3 μM, respectively; IC50 values for the inhibition of MBP, MHP, MOP, MCHP, and MEHP towards SULT1B1 were calculated to be 8.5, 11.6, 2.7, 12.8, and 13.9 μM, respectively; IC50 values for the inhibition of MHP, MOP, and MEHP towards SULT1E1 were calculated to be 4.5, 1.8, and 1.7 μM, respectively (Table 1). In addition, inhibition kinetics were further determined, including kinetic types and parameters (Ki). As shown in Figures 4A, B, the intersection point was located in the vertical axis in the Lineweaver–Burk plot for the inhibition of SULT1B1 and SULT1E1 by MOP, indicating the competitive inhibition of MOP towards SULT1B1 and SULT1E1. The slopes of the lines in the Lineweaver–Burk plot were calculated and drawn versus the concentrations of MOP. The second plot was used to calculate the inhibition kinetic parameters (Ki). According to Figures 4C, D, the inhibition kinetic parameters (Ki) were calculated to be 2.2 μM and 5.5 μM for the inhibition of MOP on SULT1B1 and SULT1E1, respectively.




Figure 3 | (A) to (C) present concentration-dependent inhibition of MHP towards SULT1A1 (A), SULT1B1 (B), and SULT1E1 (C). (D) to (F) present concentration-dependent inhibition of MOP towards SULT1A1 (D), SULT1B1 (E), and SULT1E1 (F). IC50 was determined by different concentrations of phthalate monoesters. Parallel samples were made, and the average values were used to draw the graph. Data were presented as the mean value plus SD.




Table 1 | Half inhibition concentrations (IC50) of phthalate monoesters towards SULTs isoforms.






Figure 4 | Inhibition kinetics of MOP on SULT1B1 and SULT1E1. Lineweaver–Burk plot of the inhibition of MOP on the activity of SULT1B1 (A) and SULT1E1 (B). Each data point represents the mean value of duplicate experiments. Determination of inhibition kinetic parameter (Ki) of MOP on the activity of SULT1B1 (C) and SULT1E1 (D) using the second plots. The vertical axis represents the slopes of the lines from Lineweaver–Burk plots, and the horizontal axis represents the concentrations of MOP.





In Silico Docking to Elucidate the Inhibition Mechanism

Since phthalate monoesters showed broad inhibition on SULT1B1, SULT1B1 was selected as the representative SULT isoform. We used the in silico docking method to analyze the mechanism of its inhibition of SULT1B1. The in silico docking method was used to dock the chemical structure of phthalate monoesters into the activity cavities of SULT1B1, and the representative docking results of MHP and MOP were given. The active site where SULT1B1 binds to MHP consists of amino acid residues ARG-131, SER-49, TRP-53, GLY-50, THR-52, THR-51, PHE-256, LYS-48, PRO-255, SER-139, ARG-258, HIS-142, and PHE-143, as shown in Figure 5A. The active site where SULT1B1 binds to MOP consists of amino acid residues MET-233, THR-52, MET-257, PHE-256, TRP-53, SER-139, LYS-48, SER-49, GLY-50, PHE-230, GLY-260, LYS-259, TYR-194, ARG-258, and ARG-131, as shown in Figure 5B. In the binding pocket of SULT1B1, MHP formed eight hydrogen bonds to SER-139, ARG-131, LYS-48, SER-49, GLY-50, and THR-51 (Figure 6A), and 4 hydrophobic contacts were formed between MHP and the active cavity of SULT1B1 (Figure 7A). MOP formed three hydrogen bonds to SER-139, ARG-131, and LYS-48 (Figure 6B), and 4 hydrophobic contacts were formed between MOP and the active cavity of SULT1B1 (Figure 7B). The binding free energy of MBP, MHP, MOP, MCHP, and MEHP towards SULT1B1 were −7.66, −8.05, −8.23, −8.92, and −8.43 kcal/mol, respectively. The other phthalate monoester docking results are given in Supplementary Figures 3A–C, 4A–C, and 5A–C.




Figure 5 | Active pocket of SULT1B1 binding with MHP (A) and MOP (B).






Figure 6 | Hydrogen bonds interaction between MHP (A) and MOP (B) with the active cavity of SULT1B1.






Figure 7 | Hydrophobic interaction between MHP (A) and MOP (B) and the active cavity of SULT1B1.






Discussion

In this study, an in vitro determination system was used to investigate the inhibition behavior of phthalate monoesters on the activity of various isoforms of SULTs. The results showed that SULT1A1, SULT1B1, and SULT1E1 were strongly inhibited by some kinds of phthalate monoesters, but no significant inhibition on SULT1A3. In addition, the results also showed that short-chain phthalate monoesters, such as MMP and MEP, had no significant inhibition on all SULTs isomers, while SULT1B1 was relatively significantly inhibited.

The IVIVE was used to calculate the in vivo potential inhibition of SULTs isoforms by phthalate monoesters. MOP was chosen as the representative phthalate monoesters, and the determined Ki values were 2.23 μM and 5.54 μM for SULT1B1 and SULT1E1, respectively. According to the [I]/Ki ratio ([I]/Ki > 0.1) evaluation standard, the threshold values were calculated to be 0.223 and 0.554μM for the inhibition of MOP towards SULT1B1 and SULT1E1, respectively. Therefore, when the in vivo exposure concentration of MOP is greater than 0.223μM, the metabolism of endogenous substances mediated by SULT1B1 may be inhibited. When the in vivo exposure concentration of MOP is greater than 0.554μM, the metabolism of endogenous substances mediated by SULT1E1 may be inhibited. SULT1A1 and SULT1B1 are generally considered to be the main enzymes involved in the detoxification of exogenous drugs in the human body (18, 19), which means that phthalate monoesters may reduce the body’s detoxification of exogenous substances by inhibiting enzyme activity. SULT1E1 (estrogen sulfotransferase) is an important enzyme in hormone homeostasis regulation and biosynthesis, showing a high affinity for beta-estradiol (E2) (20), and estrogen is associated with the growth and development of human breast cancer cells (21). SULT1E1 was related to the metabolism of estrogen, so phthalate monoesters may cause certain cancer by disturbing the metabolism of estrogen. As an important phase II metabolic enzymes in human body, UDP-glucuronosyltransferases (UGTs) and SULTs play an important role in the metabolism of most endogenous substances. Previous studies have shown that UGTs can also be inhibited by phthalate monoesters (22). Therefore, because phthalate monoesters inhibit both SULTs and UGTs, it may cause greater harm to the human body.

It should be noted that phthalates undergo the first phase I biotransformation after entering the body to produce monoesters. For phthalate monoesters of different molecular weights, the way they are excreted from the body and the reactions that occur in the body may be different (7). For the excretion of phthalate monoesters, the phase II metabolic enzymes play an important role. Phthalate monoesters have stronger biological activity and toxicity, so it is of great significance to select 8 phthalate monoesters in this study to explore the inhibition of SULTs.

In conclusion, our study fully described the inhibition of phthalate monoesters towards SULT isoforms. These results will provide a new perspective for the toxicity study of phthalate monoesters.
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Background

Women with polycystic ovary syndrome (PCOS) suffer from dysfunctional metabolism and studies have reported increased levels of tryptophan in patients with PCOS. However, the changes of downstream metabolites in tryptophan catabolism pathways remain unclear.



Methods

This is a cross-sectional study that included 200 PCOS patients and 200 control women who were recruited from the Reproductive Medicine Center of Peking University Third Hospital from October 2017 to June 2019. The PCOS patients and the control group were further divided into subtypes of normal weight and overweight/obesity. Fasting blood samples from all subjects were collected on days 2~3 of a natural menstrual cycle or when amenorrhea for over 40 days with follicle diameter not exceeding 10 mm. The plasma levels of tryptophan metabolites were quantitatively determined by the liquid chromatograph mass spectrometer, including tryptophan, serotonin, kynurenine, kynurenic acid, 3-hydroxykynurenine, and quinolinic acid.



Results

The tryptophan-kynurenine pathway was dysregulated in women with PCOS, along with significantly elevated levels of tryptophan, serotonin, kynurenine, kynurenic acid, and quinolinic acid. Moreover, levels of tryptophan, kynurenine, and kynurenic acid were positively correlated with luteinizing hormone, anti-Müllerian hormone, fasting insulin, HOMA-IR. tryptophan, and kynurenine and quinolinic acid had an obvious association with C-reactive protein levels. Furthermore, logistic regression showed that tryptophan, serotonin, kynurenine, kynurenic acid and quinolinic acid were all associated significantly with the increased risk of PCOS with the adjustment for potential confounding factors. Additionally, tryptophan, kynurenine, and kynurenic acid had good diagnostic performances for PCOS, and their combination exhibited higher sensitivity and specificity to diagnostic efficiency, with the area under the ROC curve of 0.824 (95% CI 0.777-0.871), which was comparable to the endocrine indicators.



Conclusion (s)

The tryptophan-kynurenine pathway was abnormally activated in PCOS patients.
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Introduction

Polycystic ovary syndrome (PCOS) is the most complicated reproductive endocrine disease in women of childbearing age, which is also recognized as the most common cause of anovulatory infertility (1). Worldwide, the prevalence of PCOS is 4–21% (2, 3), and can reach 5.6% in Chinese women (4). Typical clinical presentations of PCOS include hyperandrogenemia, oligo-or anovulation and polycystic ovaries (5, 6). In addition to reproductive disorders, PCOS patients often suffer from dysfunctional metabolism, such as obesity, insulin resistance, dyslipidemia and metabolic syndrome (7). Furthermore, the elevations of inflammatory cytokines, such as interleukins and chemokines, exacerbate metabolic disturbance in PCOS patients (8). These complications will greatly increase the long-term risk of type 2 diabetes and cardiovascular disease, with an earlier onset age (9, 10). Clinical studies have indicated that rectifying metabolic disorders could improve endocrine and reproductive disorders of PCOS patients (11). Therefore, the exploration of metabolic abnormality and the potential mechanism is the key to detect potential prediction markers and control the incidence of PCOS and complications.

Some metabolomic studies have indicated the imbalance of amino acid metabolism in PCOS, especially the significantly increased levels of aromatic amino acids (tryptophan, phenylalanine, and tyrosine) (12, 13). Tryptophan is one of the essential amino acids necessary for protein synthesis and it is metabolized mainly through kynurenine pathway and serotonin pathway. Under physiological conditions, more than 95% of tryptophan is metabolized by kynurenine (14), with the remainder converted to serotonin through the enterochromaffin cells (15). Tryptophan is firstly catalyzed by the rate-limiting enzyme, indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase (TDO), to generate kynurenine. TDO is mainly expressed in the liver and drives tryptophan metabolism under physiological conditions (16); while IDO is widely distributed in whole body tissues outside the liver and its expression is up-regulated under the activation of stress, psychological pressure, and inflammation cytokines (17–20). Kynurenine generates 3-hydroxykynurenine via kynurenine monooxygenase and 3-hydroxykynurenine is transformed into 3-hydroxyanthranilic acid and then quinolinic acid through kynureninase and oxidase, respectively (21). In another branch of the kynurenine pathway, kynurenine can be converted into kynurenic acid via kynurenine aminotransferases (KAT I-IV).

In existing studies, abnormal activation of the tryptophan-kynurenine pathway is involved in the pathophysiological process of many complex diseases, including tumors, schizophrenia, and metabolic diseases, such as obesity, diabetes, and cardiovascular disease (18, 22–28). In obese adults, serum concentration of kynurenine was positively correlated with BMI and the expression of IDO1 enzymes in adipose tissue increased (29). In a cohort study of diabetic patients, it was found that tryptophan, kynurenine, quinolinic acid, and the ratio of kynurenine to tryptophan (indirect reaction of IDO/TDO enzyme activity) had predictive significance for insulin resistance and the risk of disease after a one-year follow-up (30). Moreover, in the plaque of patients with atherosclerosis, the expression of IDO enzyme in macrophages was up-regulated (31). In view of the multiple metabolic disorders in PCOS, the present study aimed to investigate the changes of the tryptophan-kynurenine pathway in PCOS patients, as well as for the detection of potential metabolic biomarkers for PCOS risk prediction.



Materials and Methods


Ethical Approval

This study was approved by the Reproductive Medicine Ethics Committee of Peking University Third Hospital and informed consent of all participants was obtained prior to inclusion in the study.



Study Population

This is a cross-sectional study included 200 PCOS patients and 200 control women who were recruited from the Reproductive Medicine Center of Peking University Third Hospital from October 2017 to June 2019. PCOS was diagnosed according to the 2003 Rotterdam criteria (6) and met at least two of the following three characteristics: clinical and/or biochemical signs of hyperandrogenemia, oligo-ovaulation or anovulation, and polycystic ovarian ultrasound changes, after exclusion of other causes (such as hypothyroidism, Cushing’s syndrome, congenital adrenal hyperplasia, and hyperprolactinemia). The control group was included from women attending the clinic due to tubal infertility or male factors. All of the control women had normal menstrual cycles, normal ovarian morphology, and did not have clinical or biochemical hyperandrogenemia. All subjects did not take medications known to affect metabolic function or reproductive function within 3 months before enrollment.



Definition of Metabolic Subtypes

Obesity was defined as body mass index (BMI) ≥ 24kg/m2 (32). The index of homeostasis model assessment of insulin resistance (HOMA-IR) was calculated according to the formula: HOMA-IR=fasting insulin (µU/ml) × fasting glucose (mmol/L)/22.5, and insulin resistance was defined as HOMA-IR ≥ 2.69 (33). The diagnostic standard for metabolic syndrome (MetS) is based on the National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III), which requires at least three of the following features (34): (1) waist circumference (WC) ≥80cm, (2) fasting blood glucose (FPG) ≥ 5.6 mmol/L, (3) systolic blood pressure (SBP) ≥130 mmHg and/or diastolic blood pressure (DBP) ≥85 mmHg, (4) fasting triglycerides (TG) ≥ 1.70 mmol/L, (5) fasting high-density lipoprotein cholesterol (HDL-C) <1.30 mmol/L.



Sample Collection and Biochemical Measurement

The peripheral blood samples on days 2–3 of a natural menstrual cycle or when amenorrhea for over 40 days with follicle diameter not exceeding 10 mm were collected in the morning after 8 hours of overnight fasting. The serum levels of FPG and fasting serum insulin (FINS) were determined by chemiluminescence method using Immulite 1000 system (DPC, USA). Total cholesterol (T-CHO), TG, low-density lipoprotein cholesterol (LDL-C) and HDL-C were measured by a dry slide enzymatic colorimetric assay. Measurements of serum follicle stimulating hormone (FSH), luteinizing hormone (LH), estradiol, total testosterone (T), androstenedione (AND), and progesterone were performed using a Siemens Immulite 2000 immunoassay system (Siemens Healthcare Diagnostics, USA). Ultrasensitive two-site enzyme-linked immunosorbent assay (Ansh Labs, USA) was used to measure anti-Müllerian hormone (AMH). The plasma samples were centrifuged for the quantitative analyses of metabolites in tryptophan-kynurenine pathway.



Measurement of Metabolites in Tryptophan-Kynurenine Pathway

Plasma concentrations of tryptophan, serotonin, kynurenine, kynurenic acid, 3-hydroxykynurenine, and quinolinic acid were determined by the liquid Chromatograph (Ultimate3000, Dionex, USA) Mass Spectrometer (API 3200 Q TRAP, AB, USA) (LC-MS) and 50ul of plasma sample was mixed with 150ul of pre-cooled acetonitrile and vortexed for 4 minutes at room temperature. After standing at -20°C for 10 minutes to completely precipitate the protein, the sample was centrifuged at 15000 g for 4 minutes at 4°C and 100ul of the supernatant was taken into the sample bottle of the autosampler to be tested. Tryptophan, serotonin, kynurenine, 3-hydroxykynurenine, and kynurenic acid were tested by +electrospray ionization (ESI) electrospray ion source in multiple reaction monitoring (MRM) scanning mode. The MRM ion pairs of the above metabolites were 205.1/188.1, 177.1/160.0, 209.1/146.1, 225.1/110.1 and 190.0/144.0. The spray voltage was +5500V, the collision gas CAD was Medium, and the atomization temperature was 500°C. The atomization gas was 55PSI, the auxiliary gas was 60PSI, the curtain gas was 20PSI, and the injection voltage was 10V. Chromatographic separation adopted Sapphire C18 chromatographic column (100*4.6mm 5um 100A), and its temperature was 50°C, flow rate was 1ml/min, mobile water phase was distilled water containing 0.1% formic acid, and organic phase was chromatographically pure acetonitrile containing 0.1%. Quinolinic acid adopted -ESI electrospray ion source in MRM multi-reaction monitoring scanning mode. The MRM ion pair of quinolinic acid was 166.1/122.0, and the MRM ion pair of internal standard chloramphenicol was 321.15/152.15. The spray voltage was -4200V, the collision gas CAD was Medium, and the atomization temperature was 500°C. The atomization gas was 55PSI, the auxiliary gas was 60PSI, the curtain gas was 20PSI, and the injection voltage was -10V. The chromatographic separation used a Sapphire C18 column (100*4.6mm 5um 100A), and its temperature was 50°C, the flow rate was 1ml/min, the mobile water phase was distilled water containing 5mM amine acetate, and the organic phase was pure acetonitrile. The chromatographic separation adopted a gradient elution method. Analyst Software version 1.61 was used for mass spectrometry data processing.



Statistical Analysis

The data were analyzed in SPSS Statistics (version 23.0; IBM, USA). The Kolmogorov-Smirnov test was used to determine whether the continuous variable is normally distributed. Comparisons between PCOS and control groups were performed using an independent sample t test and the Mann-Whitney U test for normally and non-normally distributed variables, respectively. The data were represented by the median (interquartile range). Spearman’s rank correlation was used to evaluate the correlation between metabolites and baseline endocrine and metabolic indicators. Binary logistic regression was performed to evaluate the correlation between metabolites and the presence of PCOS, before and after adjustment for baseline variables including age, BMI, LH, AND, and AMH. The concentrations of metabolites were further scaled to standard deviation (SD) units for easy comparison of metabolites with large differences in their concentration distributions. Receiver operating characteristic (ROC) curves were prepared for comparison of the diagnostic performance of metabolites in tryptophan-kynurenine pathway and clinical parameters, individually or in combination. All reported confidence interval (CI) values were calculated at the 95% level. P < 0.05 was considered statistically significant.




Results


Baseline Characteristics of Subjects

The baseline information, endocrine and metabolic indicators between PCOS, and control groups are shown in Table 1. Compared with the control group, PCOS patients had significantly increased levels of LH, total testosterone, androstenedione, AMH, fasting insulin, TG, T-CHO and LDL-C, which were in accordance with the typical abnormal characteristics of endocrine and metabolic disorders in PCOS. Also, the levels of uric acid, high sensitivity C-reactive protein (hsCRP) and HOMA-IR, were elevated in PCOS group, indicating the hyperuricemia and inflammatory state in PCOS patients.


Table 1 | The clinical information of polycystic ovary syndrome (PCOS) and control subjects.





Abnormal Activation of Tryptophan-Kynurenine Pathway in PCOS

The alterations of the metabolite levels and the ratio of the upstream and downstream metabolites in tryptophan-kynurenine pathway are shown in Figure 1A. The plasma levels of tryptophan and its metabolites, including serotonin, kynurenine, kynurenic acid, and quinolinic acid, were all elevated in the PCOS group which suggests abnormal activation of the tryptophan catabolism pathway. Also, the ratio of tryptophan to kynurenine (TRP/KYN) was decreased, while the ratio of tryptophan to serotonin (TRP/5-HT) was increased in PCOS group, indicating that the downstream metabolism of tryptophan was more inclined to the direction of the kynurenine pathway. Since the ratio of the up and downstream metabolites could indirectly indicate the enzyme activity involved in the conversion, the increased ratio of kynurenine to tryptophan demonstrated the enhanced activity of IDO/TDO enzyme in PCOS patients (Figure 1B). Similarly, a significant decrease in the ratio of kynurenine to kynurenic acid (KYN/KYNA) indirectly indicated an activation of KATs enzyme in the PCOS group (Figure 1B).




Figure 1 | Abnormal activation of tryptophan-kynurenine pathway in PCOS. (A) The plasma level changes of metabolites in tryptophan-kynurenine pathway in PCOS patients compared with control groups, ***p < 0.001; **p < 0.01; *p < 0.05; NS, not significant. (B) The sketch Map of changes of metabolites and key enzymes in tryptophan-kynurenine pathway in PCOS patients. The red color indicates increased metabolism and activated enzymes, the blue color indicates decreased metabolism, and the grey color indicates that the change trend of this pathway was not yet clear. (C) Correlation analysis of differential metabolites levels with the endocrine and metabolic parameters in all subjects. TRP, tryptophan; 5-HT, serotonin; KYN, kynurenine; KYNA, kynurenic acid; QA, quinolinic acid.



Previous studies have shown that obesity interacted with the pathophysiological mechanism of PCOS and kynurenine concentration was positively correlated with BMI (35, 36). Although there was no statistically significant difference in BMI between the PCOS and control groups, we further compared the subgroups of normal-weight or overweight/obese population in order to determine whether obesity had an effect on the levels of tryptophan metabolites. The levels of tryptophan, serotonin, kynurenine, kynurenic acid, and quinolinic acid were still significantly increased in PCOS group compared with controls in both normal-weight and overweight/obese population, respectively (Supplementary Table 1), indicating that excluding the influence of obesity factors, there was still an interaction between the pathophysiological mechanism of PCOS and abnormal tryptophan metabolism.

Additionally, the abnormal activation of the tryptophan-kynurenine pathway was closely associated with the endocrine and metabolic indicators of PCOS. As Figure 1C shows, the levels of tryptophan, kynurenine, and kynurenic acid are positively correlated with LH, AMH, fast insulin levels and HOMA-IR in all subjects and the concentrations of kynurenine and quinolinic acid were positively correlated to BMI. Tryptophan, kynurenic acid, and quinolinic acid had a positive association with TG and negative relation to HDL-C. Interestingly, tryptophan, kynurenine, and quinolinic acid were obviously associated with uric acid and CRP levels. Hence, abnormal activation of the tryptophan-kynurenine pathway might have an impact on the neuroendocrine feedback, insulin sensitivity, and inflammatory state in PCOS patients.



Identification of Metabolites in Tryptophan-Kynurenine Pathway Associated With PCOS

Moreover, we evaluated the potential influence of metabolites in the tryptophan-kynurenine pathway on the occurrence of PCOS and found per SD elevation of the plasma levels of tryptophan metabolites (tryptophan, serotonin, kynurenine, kynurenic acid, and quinolinic acid) and per SD decrease of KYN/KYNA, all were significantly associated with the increased risk of PCOS (Figure 2A; Supplementary Table 2). With adjustment for baseline age, BMI, and endocrine confounding factors, the correlations between these metabolites and PCOS were still statistically significant and the odds ratios (95% CI) were 3.113 (1.953-4.963), 2.379 (1.406-4.026), 3.658 (2.294-5.833), 3.198 (1.615-6.333) and 1.786 (1.185-2.690), respectively (Figure 2B; Supplementary Table 2).




Figure 2 | Identification of metabolites in tryptophan-kynurenine pathway associated with PCOS. (A) Unadjusted odds ratios (95% CIs) of PCOS per 1 SD change in plasma abundance of each metabolite. (B) The odds ratios (95% CIs) of PCOS per 1 SD increase in plasma abundance of each metabolite adjusted for baseline age, BMI, LH, androstenedione, and AMH. (C, D) Concentration-effect relationship of metabolites in tryptophan-kynurenine pathway associated with PCOS. The prevalence of PCOS was dramatically raised with the quartiles of TRP, tryptophan; KYN,  kynurenine; KYNA,kynurenic acid and QA, quinolinic acid while decreased with quartiles of KYN/KYNA, before (C) and after (D) adjusting for baseline age, BMI, LH, androstenedione and AMH.



Besides, the prevalence of PCOS was dramatically raised with the quartiles of tryptophan, kynurenine, kynurenic acid, and quinolinic acid levels, while notably reduced with the quartiles of KYN/KYNA before and after adjustment for age, BMI, LH, androstenedione, and AMH (Figures 2C, D; Supplementary Table 3), demonstrating that the abnormal activation of the tryptophan-kynurenine pathway and obviously altered metabolites levels, indeed, profoundly affect the occurrence and development of PCOS.



Plasma Metabolite Levels of Tryptophan-Kynurenine Pathway Showed Comparable Diagnostic Effect to Endocrine Indicators for PCOS

Since the plasma levels of tryptophan, kynurenine, and kynurenic acid were notably enhanced and most correlated with the odds of PCOS, we further compared the ability of these metabolites to distinguish PCOS. Kynurenine exhibited an area under the ROC curve (AUC) of 0.744 (95%CI, 0.658-0.774) and a highest specificity of 87.3%. Kynurenic acid had an AUC of 0.805 (95%CI, 0.756-0.854) with a sensitivity of 76.5% and a specificity of 74.7%, which was better than the diagnostic abilities of LH and androgen and close to that of AMH (Figure 3A). Moreover, the combination of tryptophan, kynurenine, and kynurenic acid performed relatively well and distinguished women with PCOS from the controls, and the AUC was 0.824 (95%CI, 0.777-0.871), with well-balanced sensitivity of 77.8% and specificity of 76.0% (Figure 3B). Furthermore, the combination of three metabolites and AMH could achieve an AUC of 0.910 (95% CI, 0.875-0.940) with the highest sensitivity of 87.6% and specificity of 80%. These results suggest that the diagnostic performances of metabolites in the tryptophan-kynurenine pathway for PCOS were comparable to the clinical endocrine indicators and could be used as the potential predictive markers of PCOS.




Figure 3 | Developing a diagnostic signature of PCOS based on the metabolites in tryptophan-kynurenine pathway. (A) Diagnostic potential of TRP, tryptophan; KYN,  kynurenine; KYNA,kynurenic acid  and the endocrine indicators by ROC analysis to distinguish PCOS from control in all participants. (B) Diagnostic potential of the combination of TRP, tryptophan; KYN,  kynurenine; KYNA,kynurenic acid  with or without the endocrine indicators by ROC analysis to distinguish PCOS from control in all participants. T, total testosterone; AND, androstenedione.





Determination of Metabolites in Tryptophan-Kynurenine Pathway Associated With the Different Metabolic Disorders in Women With PCOS

To determine whether the tryptophan catabolites were associated with the risk of metabolic disorders in PCOS, we further analyzed the alterations of metabolites in the tryptophan-kynurenine pathway in the different subgroups of PCOS patients. The concentrations of kynurenic acid and quinolinic acid were clearly increased in the plasma of overweight/obese PCOS women compared with the subgroup of normal weight PCOS women (Figures 4A, B), whereas other metabolites in the tryptophan-kynurenine pathway had no marked alteration (Supplementary Table 1). In addition, kynurenic acid and quinolinic acid were found to be associated with the increased odds of obesity in PCOS before and after adjusted for baseline age, LH, androstenedione, and AMH (Figure 4C; Supplementary Table S4). Conversely, there were no significant alterations in metabolites of the tryptophan-kynurenine pathway between normal weight and obese control subjects (Supplementary Table 1), which suggests the alterations of kynurenic acid and quinolinic acid could be specifically used as the predictors of obesity risk in PCOS women but not in non-PCOS women. Unexpectedly, there were no significant changes of metabolites in the tryptophan-kynurenine pathway in the subgroup of PCOS with insulin resistance in comparison to patients with normal insulin sensitivity (Supplementary Table 5), as well as in the subgroups of PCOS with and without metabolic syndrome (Supplementary Table 6). Thus, the activated tryptophan-kynurenine pathway and dramatically changed metabolites were most affected by the metabolic risk of obesity in PCOS.




Figure 4 | Determination of metabolites in tryptophan-kynurenine pathway associated with the obesity risk in women with PCOS. (A, B) The plasma level changes of kynurenic acid (A) and quinolinic acid (B) in overweight/obese PCOS patients compared with normal weight PCOS women. **p < 0.01; *p < 0.05. (C) The odds ratios (95% CIs) of obesity in women with PCOS per 1 SD increase in plasma abundance of KYNA, kynurenic acid and QA, quinolinic acid before and after adjusting for baseline age, LH, androstenedione and AMH.






Discussion

Tryptophan is one of the essential mammalian amino acids and the kynurenine pathway is the major metabolic route of tryptophan degradation, which is known to play an important role in the nervous, endocrine, and immune systems (20, 23, 37). In the present study, we detected the plasma levels of tryptophan and its catabolites (serotonin, kynurenine, kynurenic acid, and quinolinic acid) in PCOS patients were significantly increased compared with the control group, as well as the enhanced activities of IDO/TDO and KATs enzymes. Remarkably, elevated metabolites were closely related to increased risk of PCOS and a combination of tryptophan, kynurenine, and kynurenic acid could be used as potential marker to predict the risk of PCOS. In addition, the plasma alterations of kynurenic acid and quinolinic acid most affected the obesity risk in PCOS.

Previous studies have reported the significant change of tryptophan metabolism in several metabolic diseases. The activation of tryptophan metabolism was found in obese adults, meanwhile the ratio of kynurenine to tryptophan was positively correlated with BMI, accompanied by elevated inflammatory cytokines in the plasma (38). Moreover, the elevated level of kynurenine led to the abnormal glucose and lipid metabolism via aryl hydrocarbon receptor (AhR) (39, 40). Kynurenic acid, another endogenous ligand of AhR, promoted the occurrence of atherosclerosis by activating the receptor, and thereby could be used as a risk biomarker for the prognosis of atherosclerosis and plaque stability (41). Furthermore, quinolinic acid was involved in the underlying mechanism of diabetes and dyslipidemia by destroying the function of pancreatic cells and adipocytes (29, 42). At present, it is recognized that PCOS is a chronic metabolic disease. Our findings demonstrate the positive association between levels of metabolites in the tryptophan-kynurenine pathway and some metabolic indicators, such as BMI, TG, fast insulin level, and HOMA-IR (Figure 1C), indicating the abnormal activation of the kynurenine pathway disturbed the metabolic profile in PCOS. Our study also detected that kynurenic acid and quinolinic acid could aggravate the obesity risk of PCOS patients (Figure 4).

Conversely, our results show a positive correlation between the levels of tryptophan, kynurenine, and kynurenic acid and PCOS-related endocrine indexes, LH and AMH, which implies these metabolites had a crucial impact on hypothalamic-pituitary-gonadal (HPG) axis. In previous research on neurological diseases, the initial rate-limiting enzyme IDO was activated, under stress and anxiety, to promote the abnormal metabolism of tryptophan (43). It has been found that tryptophan, kynurenine, and 3-hydroxykynurenine could cross the blood-brain barrier (BBB) and kynurenic acid and quinolinic acid were produced, respectively, in astrocytes and microglia (44, 45). Kynurenic acid had function on neuroprotection and anti-inflammation, and maintained synaptic plasticity (46); quinolinic acid exerted neurotoxicity by inhibiting the reuptake of glutamate, promoting the production of reactive oxygen species, and destroying the BBB (47). Although the mechanism by which its homeostasis was broken is not yet clear, abnormally enhanced levels of kynurenine and its metabolites could induce neuroinflammation (48). In our analysis, the increased plasma concentrations of tryptophan and kynurenine were all notably correlated to the CRP level. Since plasma concentrations of tryptophan and kynurenine could indirectly reflect their contents in brain tissue, the elevation of these two metabolites might lead to the inflammatory reaction of central nervous system and influence the neuroendocrine function in women with PCOS.

In the tryptophan-kynurenine pathway, the initial rate-limiting enzyme is IDO or TDO. In most studies, the plasma ratio of kynurenine to tryptophan was measured as the activity of IDO and TDO. Compared to TDO, IDO is widely distributed as the immunobiologically relevant enzyme that catalyzes the conversion of tryptophan to kynurenine. Clinically, IDO activity was increased in obese adults and positively correlated with BMI (49). The inhibition of IDO activity could improve insulin sensitivity, maintain the intestinal mucosal barrier, reduce endotoxemia and chronic inflammation, and regulate lipid metabolism in both liver and adipose tissues (50). In the current study, the elevation of ratio of kynurenine to tryptophan (Figure 1A) intimated IDO and/or TDO might be activated in PCOS patients, which needs further exploration. In addition, because there was no obvious change of ratio of quinolinic acid to kynurenine in PCOS group compared with controls, the increased ratio of kynurenic acid to kynurenine suggests kynurenine metabolism was promoted and shunted to the kynurenic acid pathway in PCOS patients.

Our study also has several limitations. First, due to lack of 40 FINS values, there were 160 patients included in the risk analysis of IR in PCOS (Supplementary Table 5). Meanwhile, due to the lack of waist circumference values, it could not be accurately determined if some patients belonged to the MetS group, therefore, 165 were patients included in the risk analysis of MetS in PCOS (Supplementary Table 6). Second, it would be ideal to further validate the performance of selected metabolic marker for diagnosing PCOS and predicting the metabolic risks in an independent cohort. Third, it remains unclear whether the abnormal metabolites in the tryptophan-kynurenine pathway contribute directly to the pathogenesis of PCOS or are only a biomarker in the development of disease.



Conclusions

We investigated systematically the tryptophan catabolism profiles in PCOS and found the abnormal activation of the tryptophan-kynurenine pathway. Our study showed the obvious enhancement of tryptophan, kynurenine, and kynurenic acid in the circulation system; and that they may be considered as biomarkers of PCOS and become potential metabolic intervention targets. Intervention on this pathway, for instance, inhibiting the activities of key enzymes and competitively binding to related receptors, could provide a new strategy for improving metabolic and endocrine disorders in women with PCOS.
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Polycystic ovary syndrome (PCOS) is a common disease, affecting 8%–13% of the females of reproductive age, thereby compromising their fertility and long-term health. However, the pathogenesis of PCOS is still unclear. It is not only a reproductive endocrine disease, dominated by hyperandrogenemia, but also is accompanied by different degrees of metabolic abnormalities and insulin resistance. With a deeper understanding of its pathogenesis, more small metabolic molecules, such as bile acids, amino acids, and short-chain fatty acids, have been reported to be involved in the pathological process of PCOS. Recently, the critical role of gut microbiota in metabolism has been focused on. The gut microbiota-related metabolic pathways can significantly affect inflammation levels, insulin signaling, glucose metabolism, lipid metabolism, and hormonal secretions. Although the abnormalities in gut microbiota and metabolites might not be the initial factors of PCOS, they may have a significant role in the pathological process of PCOS. The dysbiosis of gut microbiota and disturbance of gut metabolites can affect the progression of PCOS. Meanwhile, PCOS itself can adversely affect the function of gut, thereby contributing to the aggravation of the disease. Inhibiting this vicious cycle might alleviate the symptoms of PCOS. However, the role of gut microbiota in PCOS has not been fully explored yet. This review aims to summarize the potential effects and modulative mechanisms of the gut metabolites on PCOS and suggests its potential intervention targets, thus providing more possible treatment options for PCOS in the future.
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1 Introduction

Polycystic ovary syndrome (PCOS), characterized by oligo-ovulation or anovulation, hyperandrogenemia, and polycystic ovarian morphology, is a common disorder of the reproductive endocrine system, affecting 8%–13% of the women of reproductive age as well as impairing their fertility and long-term health (1, 2). Women with PCOS have a higher risk of infertility and pregnancy complications, accompanied by subsequent complications, such as obesity, type 2 diabetes, non-alcoholic fatty liver disease (NAFLD) (3), cardiovascular disease (4), endometrial cancer, and osteoporosis (5). All these complications have a far-reaching impact on the physical and mental health of women (6).

Until now, the specific etiology and pathophysiology of PCOS remain unclear. PCOS might be a polygenic heritable condition, which is affected by a variety of acquired variables (7). Hyperandrogenemia is generally regarded as the core part of PCOS, causing reproductive disorders, insulin resistance (IR), and metabolic imbalances, such as glucose and lipid metabolic imbalance (8). In particular, the IR and compensatory hyperinsulinemia might cause abnormality in the sex hormone levels, chronic inflammation, and metabolic disorders, thereby contributing to follicular dysplasia (9). These pathological factors create a vicious cycle, which increases the obstacles to PCOS treatment.

With a deeper understanding of gut biology, the potential role of the gut in PCOS has become the center of attention. Gut microbiota, also known as the “second genome” of the host, can affect the metabolism and immune response of the host by interacting with the external environment (8). Alpha-diversity (α-diversity) is regarded as an indicator of ecosystem health, representing the number of species present in the given community, whereas beta-diversity (β-diversity) denotes the similarity of a community or individual sample with another community or individual sample, respectively (10). As compared to the normal group, the dysbiosis of gut microbiota in the PCOS women showed lower α- and β-diversities, decreased relative abundance of Bifidobcterium, and increased relative abundances of Bacteroides, Parabacteroides, and Clostridium (11–13). Furthermore, the dehydroepiandrosterone (DHEA)–induced PCOS rats showed the dysbiosis of gut microbiota, and transferring this microbiota to healthy rats could induce the PCOS-like metabolic and endocrinal dysfunctions, indicating that the gut might be a novel therapeutic target for the treatment of PCOS (14).

Recently, studies on gut metabolites have emphasized the importance of the gut in maintaining general homeostasis. The gut metabolites, such as bile acids (BAs), amino acids, and short-chain fatty acids (SCFAs), are greatly involved in modulating the integrity of the gut barrier, thereby maintaining the internal environment and homeostasis. A disturbance in gut metabolites might increase the gut permeability, leading to the leakage of lipopolysaccharides (LPSs) and endotoxemia, which might disturb the endocrine system, immune system, insulin signaling, glucose metabolism, lipid metabolism (8), and gut microbiota (15). Furthermore, the SCFAs, BAs, and branched-chain amino acids (BCAAs) can directly regulate the secretion and sensitivity of pancreatic insulin in the target organs through endocrine signaling. While circulating through the portal venous system, these metabolites reach the liver to regulate lipid metabolism and oxidation. Moreover, these metabolites also take part in neuronal homeostasis by modulating the integrity of the blood–brain barrier (16). The gut–brain peptides, which can be affected by gut metabolites, might communicate with the brain, thereby influencing appetite and energy maintenance as well as increasing the secretion of luteinizing hormone (LH) (17).

Interestingly, the activity and contents of gut metabolites can be regulated by the gut microbiota (18, 19). The correlations between gut metabolites and gut microbiota have been demonstrated in numerous metabolic diseases, such as obesity, type 2 diabetes, NAFLD, and cardiovascular diseases (20, 21). Qiao and colleagues also demonstrated that an increase in the relative abundance of Bacteroides in patients with PCOS was related to the disturbance in gut metabolites, which might have a potential pathological role in PCOS (13, 22).

These studies indicate that, in PCOS, the gut microbiota and related metabolites might be affected. They both are closely linked to the insulin signaling pathway, steroid hormone levels, glucose metabolism, lipid metabolism, and immunological homeostasis, all of which are greatly involved in the pathogenesis of PCOS (16, 17). However, understanding the mechanism of interactions between gut metabolites and PCOS is still unclear. This review aims to summarize the existing studies and demonstrates the interaction between PCOS and gut microbiota-related metabolites, which might help in developing novel treatments for PCOS.



2 BAs


2.1 Biosynthesis and Metabolism of BAs

BAs are the key metabolites, which include primary BAs and secondary BAs. In humans, cholic acid (CA) and chenodeoxycholic acid (CDCA) are the most common primary BAs. Under normal physiological conditions, these primary BAs are synthesized from cholesterol in the pericentral hepatocytes through “classical” (neutral) and “alternative” (acidic) pathways (23, 24). The classical pathway favors the biosynthesis of CA and CDCA (25), whereas the alternative pathway only favors the biosynthesis of CDCA. After the primary BAs are modified and transported by various enzymes and transporters, they are conjugated with taurine or glycine and secreted into the bile, which are then released into the small intestine and aid in lipid digestion (26). In the ileocecum, the gut microbiota and bile salt hydrolase (BSH) convert the conjugated BAs to free BAs. Following the modifications, such as the removal, oxidation, or epimerization of the nuclear hydroxyl by the host or gut microbiota, the free primary BAs are converted into secondary BAs (25, 27). The secondary BAs play a critical role in regulating glucose metabolism, insulin signaling, lipid metabolism, and inflammation. In the distal ileum, most of the secreted molecules (95%) are reabsorbed through apical sodium-dependent BA transporter (ASBT) and are ultimately transported into the liver through the portal vein system. This phenomenon is known as enterohepatic circulation. Meanwhile, the remaining secreted molecules are excreted in feces (15, 25). In the ileum, BAs facilitate the secretion of fibroblast growth factor 19 (FGF19) in humans or FGF15 in mice by activating the farnesoid X receptor (FXR). FGF19 further represses the BA synthesis as negative feedback when circulated to the liver (26).

The above process relies heavily on gut microbiota. The gut microbiota can affect the production of BAs by regulating the liver enzymes, such as 7a hydroxylase and sterol-27-hydroxylase, especially CDCA in humans (28). BSH has been widely detected in rodent and human gut microbiota, such as Clostridium spp (29).. The diversity of secondary BAs is greatly affected by the species differences in gut microbiota (23). The mouse models in the absence of gut microbiota demonstrate that almost all the BAs were primary BAs, indicating the importance of gut microbiota in the production of free BAs (15, 30). The gut microbiota could affect the ileum mucosa and ASBT to regulate the reabsorption of BA in rodents (28). Moreover, the gut microbiota partially inhibits the BA biosynthesis through the FXR-dependent mechanism (31–33). The BAs shape the structure of gut microbiota and exert antibacterial effects by selectively promoting the growth of BA-synthesizing bacteria, thereby showing a bidirectional communication between the gut microbiota and BAs (15, 33).



2.2 Role of BAs in Metabolism, Endocrine, and Inflammation

One of the most important functions of BAs is their participation in lipid emulsification and solubilization. They convert fat into fat droplets, which can be digested by trypsin and absorbed by gut mucosa, thereby assisting the absorption of dietary fat, which is critically important for lipid metabolism (34). Certain essential vitamins, such as vitamins A and D, are non-polar lipids, which can only be absorbed if bound to micelles in the presence of BAs (25, 35). Whenever the concentration of cholate is lower, cholesterol absorption is inhibited (25).

The BAs modulate metabolic homeostasis by stimulating the receptors, such as G protein receptor 5 (TGR5) and FXR. TGR5 is widely distributed in a variety of animal tissues, such as fat, central nervous system, liver, and gut and participates in regulating insulin signaling, glucose metabolism, and energy expenditure in brown adipose tissue and muscle (36). The intestinal hormone glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) are simulated by TGR5 (37). In the murine brain, BAs could activate TGR5, causing the central anorexigenic actions to control the appetite (38). FXR is another BAs receptor, which is found in white adipose tissue, liver, gut, immune cells, and other tissues (39). The BAs, in combination with FXR, can induce FGF15 and/or FGF19, which might regulate glucose tolerance and normal glycemia by reducing hepatic gluconeogenesis. A reduction in the number of activated FXR might reduce the secretion of FGF15 and/or FGF19. This might result in the increase of hepatic gluconeogenesis, deposition of hepatic lipid, and disruption of glucose homeostasis in adipocytes and the decrease of insulin production in pancreatic cells (26, 32). Moreover, in the cardiac and visceral fat cells, tauroursodeoxycholic acid (TUDCA) could reduce endoplasmic reticulum stress, thereby preventing obesity and inflammation (40). Therefore, reduction in the TUDCA might result in the diminished suppression of abdominal and visceral fat inflammation, aggravating the IR and metabolic disorders (8, 40).

However, the current studies on the link between BAs and metabolic syndrome include a few individuals in the BAs pool. The levels of fasting circulating total BAs were higher among the populations with mild IR and obesity (25). However, the changes in the levels of fasting circulating BAs in disease states as well as the role of each BA in metabolic diseases are needed to be investigated.




3 SCFAs


3.1 Biosynthesis and Metabolism of SCFAs

Recently, the crosstalk between SCFAs and gut has been focused on. The SCFAs originated from the microbiota-accessible carbohydrates (MACs) in the colon (41), which are fermented from the dietary fibers and resistant starch ferment. They mainly consist of acetic, propionic, butyric, valeric, and caproic acids, which are biosynthesized in various pathways, such as the Wood–Ljungdahl pathway, aided by the different classes of gut microbes (42). The exact contents and relative proportion of each type of SCFA might differ based on the diet, composition of the microbiota, and gut transit time (43, 44). When the BCAAs, including valine, isoleucine, and leucine, escape digestion in the upper gut, they might be fermented into branched-chain fatty acids (43, 44). Furthermore, the SCFAs are taken up by colonocytes via passive diffusion or active transport (42). A part of the unmetabolized SCFAs are transported into the liver through the portal system and serve as substrates for the energy metabolism and anabolic processes, thereby playing a prominent role in the inhibition of glycolysis, stimulation of lipogenesis and gluconeogenesis, and regulation of mitochondrial energy production (45).



3.2 Role of SCFAs in Metabolism, Endocrine, and Inflammation

SCFAs are important for balancing metabolism and energy. They are taken up by colon cells after binding to G protein–coupled receptors (GPCRs), which are also known as free fatty acid receptors (FFARs) and are present on the enteroendocrine cells of the gastrointestinal mucosa (46), thereby stimulating the secretion of intestinal hormones, such as GLP-1, PYY, gamma-aminobutyric acid (GABA), and serotonin (5-HT) (46). The intestinal hormones aid in reducing the production of hepatic glucose, enhancing the absorption of peripheral glucose, and suppressing the appetite (47). Moreover, the SCFAs can also stimulate leptin secretion in adipocytes and insulin secretion in the pancreatic cells (48). The circulating SCFAs can activate the burning of brown adipose tissue, thereby increasing energy consumption and preventing weight gain (43, 49). In addition, the SCFAs also improve insulin sensitivity in the muscle and liver tissues (47).

In contrast to hepatic gluconeogenesis, intestinal gluconeogenesis (IGN) is beneficial for controlling the glucose level by reducing food intake and hepatic glucose output (47, 49). In a study based on mouse models, butyrate could directly promote the IGN expression in enterocytes in a Cyclic Adenosine Monophosphate (cAMP)-dependent manner, whereas propionate could increase the IGN expression by binding to FFAR3 in the portal nerve, thereby initiating the portal-hypothalamic crosstalk, improving the insulin sensitivity and glucose tolerance, and lowering the fat mass (47).

Recently, studies have demonstrated that SCFAs could affect the host’s immune system. SCFAs could affect the hematopoietic progenitors in the murine bone marrow, implying that they were important for the development of innate and adaptive immune systems (50). Moreover, they exerted a systematic anti-inflammatory effect in mice by affecting the peripheral DCs and T cells (51). In particular, the SCFAs increased the number of T-regulatory (Treg) cells, induced the differentiation of Treg cells, and regulated the production of interleukin, thereby minimizing the oxidative stress and protecting pancreatic cells (52–54). In a murine model of gout, SCFAs could bind to the GPCR43 in the central nervous system and act on microglia to regulate host immunity (55). Furthermore, they strengthened the integrity of the blood–brain barrier and regulated the levels of neuronal factors and neurogenesis to relieve the neural and central inflammation (52).

Moreover, SCFAs can also increase the expression of intestinal epithelial tight junction protein and decrease the death of intestinal epithelial cells (IEC), thereby promoting gut mucosal immunity and barrier integrity (56, 57). Once the intestinal mucosal barrier is disrupted, LPS enters the blood circulation, resulting in a persistent inflammation, which is correlated with IR (51).

The SCFAs, when reaching the brain, can alter the integrity of the blood–brain barrier by increasing the expression of tight junction proteins in the blood–brain barrier and regulating the state of neural and central inflammation (41, 52). SCFAs also affect the function of glial cells and neurogenesis in order to maintain neuronal homeostasis (41).




4 Amino acids


4.1 Anabolism and Catabolism of Amino Acids

Amino acids, consisting of essential and non-essential amino acids, are life-supporting molecules, which provide raw materials for protein synthesis. The food amino acids are primarily absorbed in the small intestine via the concentrative amino acid transporters. A small number of amino acids are also absorbed by the large intestine, whereas the remaining are excreted in the feces (58, 59). Then, the amino acids are released primarily through passive efflux across the basolateral membrane, which is mediated by a group of transporters (59, 60). When released into the bloodstream, they are transported into the cells via the corresponding secondary active transporters, which are also called functional transporters (61). Simultaneously, an increase in the cytoplasmic amino acid pool activates the amino acid metabolism, forcing the excess amino acids to be catabolized via oxidation, hydroxylation, and other processes (62). The majority of amino acids are metabolized and restored in the liver (58). However, they may also be stored in extrahepatic tissues, such as muscle, brown fat, kidneys, liver, and heart tissues (62); this storage in extrahepatic tissues is regulated by the insulin-mediated signaling in the hypothalamus (63).



4.2 Role of Amino Acids in Metabolism, Endocrine, and Inflammation

In addition to synthesizing proteins, amino acids are also involved in glycolysis and mitochondrial metabolism through the tricarboxylic acid (TCA) cycle and oxidative phosphorylation and modulate the cellular activities, such as lipid and glucose metabolism (64). By acting on the IR substrates (IRSs), the amino acids can affect insulin signaling (65). Furthermore, recent studies have demonstrated that amino acids are the potential precursors of the brain neurotransmitter, impacting habits (66). Furthermore, amino acids participate in ATP generation, nucleotide synthesis, and redox balance, which support the growth, proliferation, and effector function of immune cells (64, 67).




5 Crosstalk between PCOS and gut metabolites


5.1 Effect of PCOS on Gut Metabolites

To date, significant differences have been reported between the gut microbiota and metabolites in patients with PCOS as compared to the control group. PCOS, as a multi-system endocrine disease, has a negative impact on the function and composition of gut microbiota and metabolites.


5.1.1 Impact of Sex Hormones on Gut Microbiota and Related Metabolites

According to studies, sex hormones have a substantial impact on the composition of the gut microbiota. They affect the composition of gut microbiota in a sex-specific manner after puberty (10, 68). As a result, the gut microbiota in females has higher α-diversity but significantly lower abundances of Bacteroides species, including Prevotella and Bacteroides thetaiotomicron, as compared to that of males. The studies of rodents and other species have also shown similar results, but the outcomes vary across the studies (68, 69). Meanwhile, the dysbiosis of gut microbiota in the PCOS women was characterized by the lower α-diversity, decreased relative abundance of Bifidobacterium, increased relative abundance of Bacteroides, and changes in the β-diversity as compared to the control group (11–13). This showed that the gut microbiota of the PCOS women altered when compared to that of the men. Although different conclusions have been presented, the accumulating data confess that hyperandrogenism might affect the gut microbiota of patients with PCOS by affecting the gut function and regulating the activity of β-glucuronidase and its substrate levels, such as bilirubin, neurotransmitters, and hormones, which are present in the liver (10, 11, 70). Because the gut metabolites are closely related to the gut microbiota, the changes in gut microbiota in response to hormones might also change the gut metabolites. For example, Sherman et al. revealed that the prenatal androgens were linked to the changes in the abundance of gut microbiota involved in the production of SCFAs in the rat (71). In a nutshell, the disruption of sex hormones in PCOS affects the composition of gut metabolites and microbiota.



5.1.2 Impact of Obese on Gut Microbiota and Related Metabolites

The dysbiosis of gut microbiota is correlated with the phenotype of PCOS. There are differences in the gut microbiota of non-obese and obese individuals with PCOS (17). The abundance of clostridium cluster XVII increased in the non-obese patients with PCOS, whereas that of Clostridium sensustricto and Roseburia decreased (72). Liu et al. reported that the relative abundances of gut microbiota, including Bacteroides, Escherichia/Shigella, and Streptococcus increased, whereas those of Akkermansia and Ruminococcaceae decreased in the patients with PCOS, which were correlated with body mass index (BMI) (17). It has also been reported that obese women with PCOS tend to have lower α-diversity and biodiversity of the gut microbiota as compared to the women with normal BMI (69). Furthermore, according to Li and colleagues, obesity was associated with the altered BA metabolism caused by the dysbiosis of gut microbiota (21). Because adiposity is a source of sex steroids, it might affect the composition of gut microbiota and gut metabolites by affecting the production of sex hormones (73). In addition, obesity might contribute to the development of a chronic inflammatory state, which might alter the gut permeability and microbiota, thereby affecting the function and composition of gut metabolites (21, 74).



5.1.3 Impact of IR on Gut Microbiota and Related Metabolites

Among the women with IR, the relative abundance of Bacteroidaceae increased, whereas that of Prevotellaceae decreased as compared to the PCOS women without IR (71). The IR-induced gut dysbiosis could result in the accumulation of BCAAs (13, 36, 75, 76). On the other hand, the TCA cycle was significantly inhibited by IR, resulting in decreased BCAA clearance (77). Furthermore, IR and compensatory hyperinsulinism contributed to hyperandrogenism, thereby disrupting the gut dysbiosis and metabolites (8, 10).



5.1.4 Impact of Habits on Gut Microbiota and Related Metabolites

Numerous patients with PCOS have bad habits, such as an adoration of sweets, a love of fat, an absence of dietary fiber, and little exercise, which affects gut health (18, 78). A high-fat diet (HFD) was linked to an increase in the pro-inflammatory microbiota, such as Clostridiales, Bacteroides, and Enterobacteriales, and a decrease in the anti-inflammatory microbiota, such as Lactobacillus, in the rat (75). The high levels of glucose, fructose, and sucrose could increase the relative abundance of Bifidobacteria while suppressing that of Bacteroides (75). The lack of dietary fiber might result in a decrease in the production of SCFAs. All these could affect the biosynthesis of gut metabolites.

Exercise can enhance gut health by increasing the diversity of gut microbiota and balancing the beneficial and pathogenic bacterial communities (79). Specifically, exercise increases the ratio of butyrate-producing bacteria, such as Roseburia hominis, thereby increasing the concentration of butyrate (80, 81). Moreover, exercise can reduce the contact time between feces and the gastrointestinal mucus layer by enhancing gastrointestinal motility to benefit gut health (79, 80). It also boosts the production of key antioxidant enzymes and anti-inflammatory cytokines in the intestinal lymphocytes, thereby reducing intestinal inflammation (76, 77). A reduction in exercise might disrupt the gut metabolites (43, 44, 79).

In a nutshell, the dysbiosis of gut microbiota is caused by unhealthy habits, hyperandrogenism, obesity, hyperinsulinism, and disturbances in the glucose and lipid metabolism in PCOS, leading to increased gut permeability, exaggerated dysbiosis, and altered gut metabolites (82, 83).




5.2 Effect of Gut Metabolites on PCOS


5.2.1 Effect of BAs on PCOS

The BA metabolism is a key metabolic pathway affected by the changes in gut microbiota in patients with PCOS. Zhang and colleagues demonstrated that an increase in the circulating conjugated primary BAs was positively correlated with hyperandrogenism in women with PCOS (84). In both the stool and serum, the levels of secondary BAs, such as glycodeoxycholic acid (GDCA) and TUDCA, were lower in the PCOS group as compared to those in the control group and were correlated with the disturbance of gut microbiota (13).

The findings from PCOS rats revealed that UDCA administration could improve ovarian morphology and decrease the total testosterone and insulin levels. However, the lipid parameters, E1, E2, glucose, and homeostatic model assessment for IR were comparable between the groups (85).

Moreover, BAs could also regulate the performance of gut immune cells. Both the protein and mRNA levels of Interleukin-22 (IL-22) in the cultured group 3 innate lymphoid cells (ILCs) were greatly stimulated in the presence of TUDCA or GDCA, which was also confirmed in mouse models, showing that TUDCA or GDCA therapy could enhance the mRNA levels of gut IL-22 and alleviate the disease symptoms (13). These beneficial effects of BAs on IR and ovarian function in PCOS mice were reversed by knocking out the IL-22 receptor gene (13). The IL-22 levels in serum and follicle fluid of patients with PCOS decreased, whereas the IL-22 administration could improve IR, ovarian dysfunction, dysbiosis of gut microbiota, and prenatal Müllerian hormone in the DHEA-induced PCOS mice (86). Therefore, it could be proposed that the regulatory effects of BAs on PCOS were at least partially mediated by IL-22 (13).

IL-22 has diverse benefits, such as improving insulin sensitivity and regulating the lipid metabolism in the liver and adipose tissues. IL-22 can promote the proliferation of IEC and the production of antimicrobial peptides and mucins in IEC (13, 51). Therefore, a reduction in the IL-22 level might further disrupt the integrity of the gut barrier and microbiome hemostasis, thereby aggravating the endotoxemia, chronic inflammation state, and particularly the IR (13, 87, 88). Recently, Qi et al. reported that IL-22 could reverse the disturbed menstrual cycle in PCOS mice by relieving the inflammatory state in ovarian granulosa cells, further indicating the possible role of IL-22 in the PCOS intervention (86).



5.2.2 Effect of SCFAs on PCOS

SCFAs are essential elements in maintaining the homeostasis of gut microbiota and regulating the intestinal mucosal barrier as an important energy source for the gut microbiota and IEC (51, 89). For instance, butyrate regulates the utilization of intestinal oxygen, thereby regulating the proportion of aerobic and anaerobic gut microbiota. Therefore, a reduction in the SCFA levels might cause gut dysbiosis in PCOS (90) and disrupt the intestinal mucosal barrier to exacerbate the chronic inflammatory state (51).

In addition to affecting the gut health and microbiota, the SCFAs also exert various physiological effects through IL-22. SCFAs could promote the IL-22 production in CD4+ T cells and ILCs by binding to the histone deacetylase inhibitors and GPCRs (89). The IL-22 could maintain metabolic homeostasis, which was disturbed by SCFAs reduction (89), thereby producing a synergistic effect with BA–IL-22. In addition, studies reported that the secretion of gastrointestinal hormones in patients with PCOS was disturbed, such as a decrease in the GLP-1 level (91). SCFAs could stimulate the secretion of gastrointestinal hormones, such as GLP-1, PYY, GABA, and 5-HT, thereby reversing their decreased levels in the patients with PCOS, maintaining insulin homeostasis, and suppressing the appetite (46).

In addition to their effects on the gut, SCFAs also exert peripheral effects. SCFAs could promote the IGN gene expression in enterocytes through the portal-hypothalamic circuit, thereby maintaining food intake and hepatic glucose output in mice (49). The decrease in the SCFA levels can boost insulin secretion from the pancreatic cells via GPCRs, improve insulin sensitivity, increase the energy expenditure in brown adipose tissue, and upregulate the antilipolytic activity of glucose transporter type 4, thereby further aggravating the PCOS (41, 45, 47).

Moreover, Lin et al. discovered that the absorption of SCFAs decreased in the PCOS rats. They demonstrated that the fecal SCFA concentrations increased and were positively correlated with the tumor necrosis factor and IL-6 levels (92). Enhancing the SCFA absorption could improve the integrity of the intestinal mucosal barrier and inhibit intestinal and parenteral inflammation (92).

Therefore, SCFAs are critically important for maintaining glucose and insulin homeostasis and ameliorating chronic inflammation throughout the body. The supplementation of SCFAs or enhancing their beneficial effects, such as activating the relevant receptors, might be helpful in the PCOS treatment.



5.2.3 Effect of Amino Acids on PCOS

Recently, the correlations between BCAAs and metabolic dysbiosis have been focused on. The human body cannot synthesize BCAAs, which are essential amino acids; therefore, they must be absorbed from the digestion of food (65). By phosphorylating the IRS-1 and IRS-2 at serine or damaging the mitochondrial function in the β-pancreatic cells, excessive BCAAs could aggravate IR in rodents with PCOS (65, 88, 93). Furthermore, BCAAs might induce the expression of proinflammatory genes to deteriorate chronic inflammation, thereby developing IR (65).

As compared to the SCFAs and BAs, the current studies on intestinal amino acids are limited. Moreover, the conclusions are not completely consistent due to the inter- and intra-species differences and experimental conditions. The correlations between amino acids and PCOS are still unclear. However, it could be concluded that downregulating the excessive BCAAs or blocking their associated binding sites might further ameliorate IR in PCOS. Whether and how BCAAs can be applied for the prediction and treatment of PCOS are worth exploring.





6 Prospects and implications

Currently, the primary goal of PCOS treatment is to alleviate its symptoms, such as hyperandrogenism, IR, oligo- or anovulation, and infertility. For example, letrozole aids in developing the dominant follicles, whereas metformin is typically for the treatment of metabolic symptoms and IR, possibly restoring their ovulation (94). These treatment strategies can only provide temporary relief from the symptoms or achieve a short-term goal. Therefore, the fundamental and permanent treatment of the pathological processes in PCOS is worth exploring.

As stated above, the PCOS-related hyperandrogenism, IR, obesity, metabolic disturbance, unhealthy diet, and other factors could disrupt the gut microbiota and metabolites, which, in turn, deteriorated the pathological process of PCOS, forming a vicious cycle (95) (Figure 1).




Figure 1 | Crosstalk between PCOS and gut metabolites. PCOS, polycystic ovary syndrome; BAs, bile acids; SCFAs, short-chain fatty acids; BCAAs, branched-chain amino acids; IGN, intestinal gluconeogenesis; LPS, lipopolysaccharide; GLP-1, glucagon-like peptide 1; PYY, peptide YY; 5-HT, 5-hydroxytryptamine; LH, luteinizing hormone; SHBG, sex hormone–binding globulin. PCOS disturbs intestinal microbial homeostasis and metabolites, which may be linked to the insulin signaling pathway, steroid hormone levels, glucose metabolism, lipid metabolism, and immunological homeostasis etc., all of which are involved in PCOS pathogenesis, thus forming a vicious cycle.



Interestingly, the changes in gut metabolites could predict PCOS (23, 96) and might even be associated with the different clinical phenotypes (17). The gut metabolites could be more precise predictors than the gut microbiota due to the susceptibility of gut microbiota to a variety of factors, such as environmental contamination and abrupt changes in diet.

The therapies, targeting the gut homeostasis to break the vicious circle between hyperandrogenism and metabolic abnormalities, can be the tipping point for the treatment of PCOS. For example, adopting a healthier lifestyle; supplementing the specific BAs (TDUCA and GDCA), SCFAs, and IL-22; regulating the metabolism of amino acids; and blocking the BCAA targets could be beneficial for the treatment of PCOS (89, 95). It has been reported that the IL-22 levels in patients with PCOS were significantly lower than those in the normal group (22). Therefore, the IL-22 supplementation could be an effective treatment option for PCOS. Studies on the PCOS mice confirmed that the intraperitoneal injection of IL-22 could improve endocrine and metabolic disorders (13). However, there were certain side effects, such as liposarcoma (97). On the other hand, there is limited clinical evidence, supporting the efficiency and safety of IL-22 in humans. Thus, safer therapies are needed to be developed as soon as possible.

The probiotics (or synbiotics) supplementation and fecal microbiota transplantation (FMT) might have a significant impact in this regard. Studies indicated that the administration of probiotics (or synbiotics) for 8–12 weeks could lower serum levels of glucose, insulin, triglycerides (TGs), very low–density lipoprotein, and cholesterol while improving the IR, lipid metabolic disturbance, and inflammatory state. It could also effectively lower the body weight and BMI of patients with PCOS (98–100). Nevertheless, a meta-analysis showed that the effects of probiotics (or synbiotics) supplementation on LDL, weight, BMI, and IR were not significant (101). However, probiotics had certain effects on regulating the metabolisms of glucose, insulin, and lipids, which could lower the serum levels of glucose, insulin, and TG while increasing HDL (101). Another study indicated that the supplementation of probiotics (or synbiotics) improved androgen metabolism without having any other therapeutic effect (102). The administration of different probiotic species and doses to the patients with varied PCOS phenotypes might explain the differences in these outcomes. In rodents, FMT could treat PCOS by restoring the composition of gut microbiota and improving the sex hormone balance and ovarian function (103). However, currently, there are limited applications of FMT in the treatment of PCOS. Therefore, the use of FMT in humans is yet to be determined.

The results showed that the supplementation of insulin-enriched synbiotic yogurt to the PCOS mice could decrease the body weight gain, improve estrus cycles and ovary morphology, and reduce the levels of LH while increasing those of follicle-stimulating hormone and IL-22 in serum. At the genus level, the synbiotic yogurt increased the relative abundances of Lactobacillus, Bifidobacterium, and Akkermansia (104).

Traditional Chinese medicines (TCMs) are vast treasure, which need to be explored. The TCMs, including flavonoids, polysaccharides, saponins, and other compounds, might possess tremendous prospects for stimulating the growth of a particular gut microbial species, increasing the production of beneficial SCFAs and BAs, and suppressing the growth of pathogenic bacteria and BCAA products (94, 105, 106). Berberine, a powerful natural product, which is used for the treatment of metabolic syndrome, could lower the abundance of BCAA-producing bacteria and aberrant blood BCAA levels in the HFD-induced rodents, thereby improving the glucose metabolism, lipid metabolism, and IR in the PCOS rodents (107, 108). Studies on the rodents demonstrated that baicalin could boost the SCFA generation and alter the BA metabolism by modifying the immunology and gut microbiota, as well as affecting the liver–gut axis by regulating the BA-FXR/TGR5 signaling pathway (109). Ginseng polysaccharides and ginsenosides could also boost the growth of Lactobacillus spp. and Bacteroides spp. in the rat. These two were the most significantly boosted probiotics, restoring the balance of gut microbiota and thereby regulating intestinal metabolism (110). Thus, the TCM and natural products might affect the gut immunity, barrier, and gut microbiota to modulate the local metabolisms. Although studies have revealed that some TCM products have low bioavailability, it is remarkable that gut microbes can transform them into components, which can be absorbed more easily, thereby improving their efficiency and indicating the positive interaction between TCM and gut microbiota (94, 111–113).

Adopting a healthier lifestyle might also improve PCOS, especially the exercise and diet, which act as the modulators of gut microbiota. As mentioned before, bad habits such as an adoration of sweets, a love of fat, an absence of dietary fiber, and little exercise, might disrupt gut health. As compared to the Western diet (enriched in animal protein and fat and low in fiber), gluten-free diet, vegetarian diets (high in fermentable plant-based foods), etc., the Mediterranean diet is more recommended for the patients with PCOS (114). Numerous human or rodent studies have demonstrated that the Western diet could significantly decrease the abundance of total and beneficial bacteria species, including Bifidobacterium and Eubacterium (115). The beneficial bacterial populations, such as Bifidobacterium and Lactobacillus, decreased, whereas those of potentially harmful bacteria increased in the human who consumed a gluten-free diet (116). The results of various studies on vegetarian diets are contradictory. In general, the Mediterranean diet is characterized as a healthy and balanced diet, which can improve obesity, lipid profile, and inflammation (114, 117). Specifically, the assorted fruits, vegetables, nuts, legumes, and cereals are recommended, whereas the intake of red meat, processed meat, and sweets should be limited (114). Exercise can enhance gut health by increasing the diversity of gut microbiota and balancing the beneficial and pathogenic bacterial communities, and a minimum of 150-min exercise of moderate intensity per week is necessary for patients with PCOS (1).

The studies on gut health and PCOS are still in the initial stages, which limit the scope of this review. On one hand, this review mainly focused on the interactions of PCOS with the SCFAs, BAs, and amino acids. Nevertheless, there might be additional metabolic loops closely associated with the PCOS, such as carnitine metabolism (118). The amino acids, other than BCAAs, are also needed to be thoroughly investigated in the future. On the other hand, there might be some changes in the synthesis and transit of gastrointestinal metabolites between species. Therefore, the findings from animal studies remain to be validated in humans.
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Type 2 diabetes mellitus (T2DM), one of the fastest growing metabolic diseases, has been characterized by metabolic disorders including hyperglycemia, hyperlipidemia and insulin resistance (IR). In recent years, T2DM has become the fastest growing metabolic disease in the world. Studies have indicated that patients with T2DM are often associated with intestinal flora disorders and dysfunction involving multiple organs. Metabolites of the intestinal flora, such as bile acids (BAs), short-chain fatty acids (SCFAs) and amino acids (AAs)may influence to some extent the decreased insulin sensitivity associated with T2DM dysfunction and regulate metabolic as well as immune homeostasis. In this paper, we review the changes in the gut flora in T2DM and the mechanisms by which the gut microbiota modulates metabolites affecting T2DM, which may provide a basis for the early identification of T2DM-susceptible individuals and guide targeted interventions. Finally, we also highlight gut microecological therapeutic strategies focused on shaping the gut flora to inform the improvement of T2DM progression.
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1 Introduction

T2DM is the most common metabolic disease and is mainly characterized by metabolic disorders, such as hyperglycemia, hyperlipidemia and IR. Diabetes can lead to various serious complications, such as coronary artery disease, lower extremity arteriopathy, retinopathy and diabetic nephropathy, which affect the life quality of a large populations worldwide (1, 2). The rapid growth of diabetes poses an alarming burden on global social and economic development (3). Recent data by the International Diabetes Federation (IDF) in 2021 have demonstrated that the global prevalence of diabetes in 20- to 79-year-olds was estimated at 10.5% (approximately 537 million people) and predicted to increase to 12.2% (783.2 million people) in 2045. The diabetes prevalence is projected to be higher in middle-income countries (21.1%) than in low-income countries (11.9%) and high-income countries (12.2%) between 2021 and 2045 (4, 5). The prevalence of T2DM is greater than 25% in older patients over 65 years of age; treatment of older patients is more difficult because complications are more likely to occur (6, 7). Today, the main treatment strategies for T2DM include surgery, pharmacotherapy, exercise therapy, diet, nutrition and multifactorial therapy (8, 9). The core of the treatment of T2DM is to solve the problem of hyperglycemia. The use of medication based on lifestyle modification is the cornerstone of the treatment of T2DM. If blood glucose remains uncontrolled, additional treatment with insulin and other injectable drugs will eventually be needed (10). Insulin injection therapy is the most effective way to control blood glucose (11). However, with increased IR, the risk of hypoglycemia is increased if insulin injections are increased, thus escalating the risk of cardiovascular-related complications. Therefore, the underlying mechanisms of T2DM need to be identified for early diagnosis and treatment.

Recognized risk factors for diabetes include obesity, poor dietary habits, positive family history and genetics (12, 13). A variety of factors play a critical part in the development of diabetes. Recently, plenty of studies have proposed a link of the intestinal microbiome and its metabolites with the metabolic health of the human body (14, 15). Genome-wide association reports show significant associations between specific gut microbes, bacterial genes and metabolic pathway variants in T2DM (16). The possible mechanisms of T2DM induced by the gut microbiota may be linked to IR, BA metabolism, disturbances of lipid metabolism and endotoxemia (17). Furthermore, many researches have shown that the relationship between BAs and microbiome plays a key role in the pathogenesis of metabolic disorders including T2DM (18, 19). The study showed that the imbalance in the interplay between BAs and the intestinal flora led to composition changes of the BA pool, as well as alterations in the intestinal flora structure and endocrine signaling pathways, which they suggest will influence the development of T2DM (20, 21). In addition, increased production of trimethylamine N-oxide (TMAO) and branched-chain amino acids (BCAAs) as well as changes in BA and SCFA metabolism may lead to changes in fat levels, thereby affecting insulin signaling (22–24).

Disorders of energy balance due to gut microbial dysbiosis have an integral role in the progression of T2DM (25). However, the mechanisms of intestinal flora in T2DM are not fully understood. Thus, the purpose of this review is to discuss the altered intestinal microbiota in T2DM and the role of metabolites in T2DM relative to a healthy human host. We provide a summary of microbiota-based therapeutic approaches to improve T2DM.



2 Association between intestinal flora and T2DM

The impact of societal advances and changes in people’s lifestyles, which have led to a greater intake of high-energy foods and a lack of physical activity, has left individuals in a suboptimal state of metabolic health with a high incidence of metabolic diseases, such as obesity, T2DM, nonalcoholic liver disease and cardiometabolic disease (CMD) (26, 27). The two main pathogenic mechanisms of diabetes are the relative lack of insulin secretion and IR, with IR being the main cause of T2DM. Diabetes biomarkers, such as venous glucose levels and glycated hemoglobin (HbA1c), have limitations as predictive biomarkers, especially in elderly or hyperlipidemic patients. Therefore, the identification of other early predictors is needed.

The collection of all gut microbial genes in an individual (i.e., the microbiome) represents a gene pool that is an order of magnitude higher than the human genome (28). Therefore, the intestinal microbiome is considered an “ organ” with important roles in enhancing host immunity, facilitating the digestion of food, regulating intestinal endocrine function, regulating neural signaling, modifying drug action, modifying metabolism and eliminating toxins. This symbiotic relationship with the host ensures proper development of the human metabolic system. Gut microbial metabolites absorbed by the host act on receptors in organs such as the liver, gut, brown adipose tissue (BAT), white adipose tissue (WAT) and the central nervous system (CNS), and they are involved in micronutrient synthesis, intestinal motility, mineral absorption and electrolyte absorption (29, 30). A growing number of studies have demonstrated a strong link between the intestinal flora and human disease, particularly its role in obesity and T2DM (17, 31–35). Improvement of insulin sensitivity by altering the composition of the intestinal microbiota has gained attention from many researchers, and gut flora therapy has become a new treatment modality.



3 Changes of intestinal flora in patients with T2DM and obesity

Approximately 86% of patients with T2DM are overweight or obese, and obesity is considered the greatest risk factor for T2DM (36), which is commonly used as an early warning marker for T2DM. Compared to healthy adults, obese and T2DM populations show significant changes in gut microbes and their metabolites (Table 1). Studies have shown that modern lifestyle changes and the use of antimicrobial drugs, among other factors, have led to a decrease in gut microbial diversity in many developed populations (72).


Table 1 | Changes in intestinal flora and metabolites in T2DM and obesity.



Studies have shown that individuals with low abundance of intestinal flora are predisposed to obesity, IR and dyslipidemia (43). A study of gut microbial diversity in patients with low gene count (LGC) and high gene count (HGC) has shown that Lactobacillus, Prevotella, Bacteroides, Desulfovibrio and Oxalobacter spp. in the intestinal microbiota are decreasing in abundance; this decrease in diversity may promote the development of metabolic disorders. Functional changes in the microbiota of individuals with LGC mainly include a reduction in butyrate-producing bacteria and an elevation in the ratio of Akkermansia to R. torque/gnavus, leading to enhanced mucus degradation, decreased hydrogen production potential, decreased methane production potential, increased Campylobacter/Shigella abundance and increased peroxidase activity (43). This metabolic disturbance caused by an imbalance between pro- and anti-inflammatory bacterial species in LGC individuals puts them at an increased risk for metabolic diseases, such as prediabetes and T2DM (73).

A previous study has shown that feces from obese twins transplanted into germ-free mice results in weight gain (61). Additionally, fecal transplantation studies have shown that obese subjects with metabolic syndrome have increased insulin sensitivity after the transfer of gut microbiota from a lean donor (37, 74, 75). These studies provide a theoretical basis for linking intestinal flora and whole-body energy metabolism, and they also highlight the important role of the intestinal flora in host metabolism (76, 77). Recent studies have suggested that the human intestinal microbiota is altered in obese individuals relative to lean individuals, probably primarily by an elevation in the obesity-associated phylum Ligustrum and a reduction in Bacteroidetes (78, 79). A study of 416 twin pairs has shown that Dehalobacteriaceae, Christensenellaceae and SHA-98 were found to be significantly lower in the intestinal flora of obese individuals compared to those of lighter weight. The Christensenellaceae family is known to be producer of SCFAs (80). In addition, it has been demonstrated that Christensenella minuta amended and transplanted into recipient mice results in a tendency to lose weight. Oscillospira also produces SCFAs by degrading host blood glucose. In recent studies, we observed that Oscillospira and the methanogenic archaeon Methanobrevibacter smithii are abundant in healthy weight subjects and may promote leanness (65, 66, 81). Lean individuals also exist in T2DM (82). A study on the intestinal flora of lean diabetic patients has demonstrated that lean T2DM patients show a reduced Akkermansia muciniphila abundance, which is positively associated with a decrease in their insulin secretion (37). Studies have shown that Ruminococcus, Clostridium, Bifidobacterium, Bacteroides, Eubacterium, Listeria and others are the main intestinal microorganisms that affect the formation of secondary bile acids (49, 50). It has been shown that BAs modulate the metabolism and energy homeostasis of host by activating FXR receptors and TGR5, thereby shaping the intestinal flora (19).

Microorganisms including Blastocystis spp. and Prevotella copri have been found to be indicators of favorable postprandial glucose metabolism. And studies have shown that Prevotella copri supplementation improves glucose metabolism in mice (83). However, a study has demonstrated that Prevotella copri was associated with the production of BCAA, which is correlated with IR and glucose intolerance (17). It has been suggested that the elevated richness of Bacteroides vulgatus and Prevotella copri in IR individuals relative to the normal group may lead to an increased potential for BCAA synthesis; however, Butyrivibrio crossotus and Eubacterium siraeum abundance decreases, leading to reduced BCAA catabolism (17). Increased concentrations of BCAAs in circulation (including leucine, isoleucine and valine) may be biomarkers of IR and increased risk of T2DM (54).

Patients with T2DM are often treated with multiple drugs for glycemic control and prevention of cardiovascular complications. Thus, drug therapy usually affects the gut microbiota of patients, and the role of the gut microbiota may be confounded by the effects of various drugs (84). Therefore, many recent studies on T2DM flora have focused on the early stages of T2DM (not yet taking drugs). Although plasma glucose concentrations have not yet reached the diabetic range in the early stages of diabetes, individuals are at escalated risk of developing significant T2DM and cardiovascular disease (85). Alterations in the intestinal microbiota of unmedicated prediabetic patients have been reported to be dominated by butyrate-producing bacteria, Akkermansia muciniphila, and some bacteria with pro-inflammatory potential (86).

A previous study on the effect of metformin treatment on intestinal microbes in individuals with T2DM has reported a reduction in Roseburia, Subdoligranulum and a cluster of butyrate-producing Clostridium spp. in metformin-naïve T2DM patients, consistent with previous indications (37, 38). Metformin treatment modifies the intestinal microbiota in individuals with diabetes as indicated by enrichments in mucin-degrading Akkermansia muciniphila and SCFA-producing bacteria such as Bifidobacterium bifidum and Butyrivibrio (87). An independent amplicon-based T2DM cohort analysis has similarly validated an elevation in Escherichia coli and a reduction in Enterobacteriaceae abundance in metformin-treated patients with several gut microbial genera more similar in abundance to normal control levels, particularly Subdoligranulum and Akkermansia. Therefore, we hypothesized that metformin may alleviate T2DM by affecting the microbiota and its microbial production of SCFAs. It has been shown that probiotic therapy based on flora modulation increases the richness of SCFAs while achieves a reduction in IR, and this therapy has been reported to have a similar effect under metformin treatment (41, 42, 88). Some studies have shown that probiotics act as adjuvants to metformin by increasing the production of butyrate, thus allowing enhanced glucose management (89).

All of these findings provide strong evidence that the gut microbiome can be used to improve the prediction of metabolic diseases, such as T2DM, and to discover new targets for diabetes treatment. In this review, we focus on how the intestinal microbiota and its metabolites affect the pathogenesis of T2DM. We summarize examples of microbiota-targeted interventions for T2DM and highlight the great promise of this therapeutic approach in the field of T2DM research.



4 Relationship between gut microbial metabolites and T2DM


4.1 BAs

In the liver, BAs are synthesized from cholesterol and act as promoters for emulsification, absorption and transportation of dietary lipids as well as fat-soluble vitamins in the intestinal lumen. BAs are mainly metabolized by the actions of intestinal bacteria, which play a critical role in glucose regulation. BAs also act as regulators of intestinal microbiota as well as signaling molecules that modulate metabolic homeostasis (Figure 1). Interactions of BAs and intestinal flora have a profound impact on IR and the progression of T2DM.




Figure 1 | Interactions of BAs and gut microbe influence host metabolism. Primary bile acids are synthesized and then conjugated with taurine or glycine in hepatocytes. Conjugated bile acids are transported into the bile duct by BSEP. Most conjugated bile acids are reabsorbed via ASBT and circulate to the liver by OSTα/β, OATP and NTCP, while a small part is converted into secondary bile acids by deconjugation and dehydroxylation of gut flora. Bile acids acts as the endogenous ligands for FXR and TGR5 to generate distinct effects on metabolism regulation. T, taurine; G, glycine; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; BSEP, bile salt export protein; FGF, fibroblast growth factor; FGFR, FGF receptor; RXR, retinoid X receptor; SHP, small heterodimer partner; JNK, c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase; OST, organic solute transporter; OATP, organic anion-transporting polypeptide; NTCP, sodium taurocholate cotransporting polypeptide; ASBT, apical sodium-dependent bile acid transporter; DIO2, type 2 iodothyronine deiodinase; T4, thyroxine; T3, thyroid hormone.




4.1.1 Synthesis of BAs

Cholesterol 7α-hydroxylase (CYP7A1) predominantly regulates the classic pathway (namely, the neutral pathway) of BA synthesis, while the alternative pathway (namely, the acidic pathway) depends mainly on CYP27A1. CYP8A1 and CYP7B1 also play distinct roles in the process (49). Glucose and insulin act as the main postprandial factors inducing CYP7A1 gene expression as well as BA synthesis (90). Mechanistically, glucose induces CYP7A1 gene transcription by increasing ATP to reduce the AMP/ATP ratio, which inhibits AMP-activated protein kinase (AMPK) activity, or by epigenetically modifying the acetylation state of the CYP7A1 chromatin structure (91). Cold exposure may also trigger hepatic conversion of cholesterol to BAs through the alternative pathway by induction of CYP7B1, leading to increased plasma levels and fecal excretion of BAs accompanied by alterations in intestinal microbiota that are characterized by higher abundance of Deferribacteraceae and Lachnospiraceae as well as lower abundance of Porphyromonadaceae and Clostridiales. Increased energy expenditure is also related to hepatic CYP7B1 induction, which is reduced in individuals with T2DM, suggesting that the alternative pathway plays a role in metabolic homeostasis (92). Another regulator of BA composition, CYP8B1 (an 12α-hydroxylase) has been reported to contribute to metabolic anomalies in T2DM as greater 12α-hydroxy/non12α-hydroxy BA ratios are correlated with decreased insulin sensitivity (93).



4.1.2 BSHs and HSDHs in gut flora

Hepatocytes conjugate bile acids with taurine or glycine to increase their solubility before secretion (18). In the distal ileum, roughly 95% of conjugated bile acids (CBAs) are reuptaken via the apical sodium-dependent BA transporter (IBAT or ASBT) in conjugated form, while a small portion are deconjugated by the gut microbiota prior to resorption or converted into secondary bile acids (DCA from CA and LCA from CDCA, respectively), which are either absorbed through passive diffusion or excreted in the feces (94). BAs absorbed recirculate through the portal vein to the liver, where they are conveyed into hepatocytes to be reconjugated and then resecreted with newly synthesized BAs (95).

Microbial deconjugation refers to enzymatic hydrolysis by bile salt hydrolases (BSHs), namely, the removal of taurine or glycine conjugates, and it impedes active reabsorption of BAs via ASBT in the small intestine. In the human intestinal microbiome, BSHs are distributed among various microbial species and were identified early in several microbial genera, such as Lactobacillus (96–99), Clostridium (100), Bifidobacterium (101–103), Listeria (104, 105), Enterococcus (106) and Bacteroides (107). BSH activity exerts beneficial effects on bacteria by strengthening resistance to CBAs, assisting surviving in the gastrointestinal environment without causing bacterial overgrowth or damage to the host. This may facilitate colonization and development of the gut microbiota (108). High levels of BSH have also been reported to decrease body weight gain and plasma cholesterol in conventionally raised mice (109). However, some controversial results have suggested that deconjugated bile acids (DBAs) with higher binding affinity to farnesoid X receptor (FXR) may suppress the transcription of CYP7A1 and reduce BA synthesis from cholesterol (110). Moreover, some studies have deviated from previous concepts, indicating that the intrinsic chemical features and enzymatic preferences of various BSHs change the Lactobacillus transcriptome in a BA-dependent manner and contribute to the toxicity during Lactobacillus growth (111). Therefore, the importance of BSHs classification is highlighted as distinct BSHs in the identical Bacteroides strain differ in deconjugation ability. Generally, BSHs benefit metabolism, but the higher relative abundance (RA) of BSH phylotype with high activity may exert detrimental effects. To explore the relationship between the RA of BSHs and disease, it is important to first assess activity to identify particular BSHs rather than use an estimated RA of total BSHs (112).

BAs are C-24 steroids hydroxylated at the C-3, C-7 position, and also the C-12 position in the case of CA (113). 7α/β-dehydroxylating bacteria play an important role in transformations of BAs as the pool of secondary bile acids mainly consists of 7α/β-dehydroxylated BAs (e.g., LCA and DCA) (114). Different from deconjugation, BA 7α/β-dehydroxylation is confined to a limited number of gut bacteria, which lead to the salvage of BAs that evade active reuptake in the distal ileum, as deconjugation and 7α/β-dehydroxylation increase Pka and hydrophobicity of BAs to further permit passive absorption across the colonic epithelium (115). Because 7α/β-dehydroxylation is restricted to free bile acids, deconjugation is a prerequisite. 7α/β-Hydroxysteroid dehydrogenases (7α/β-HSDHs) have been identified in gut bacteria such as Clostridium (116–118), Bacteroides (119–121), Escherichia (122–124) and Eubacterium (125–127). While 7α-dehydroxylation functions as the most quantitatively vital bacterial biotransformation of BAs, 7β-dehydroxylation appears to be not essential in the human colon (128).

In diabetic patients, the BA pool composition and the associated pathways of biosynthesis are altered, which may involve a higher conversion of primary bile acids to secondary bile acids by the gut microbiota (129). Cirrhotics show lower abundance of Ruminococcaceae, Lachonospiraceae and Blautia (7α-dehydroxylating bacteria) while increased Enterobacteriaceae (potentially pathogenic), resulting in decreased conversion of primary to secondary fecal BAs (130). Clostridium scindens with 7α-HSDHs activity strengthens resistance to Clostridium difficile infection in a secondary bile acid-dependent manner upon administration (131). In addition to 7α/β-dehydroxylation, 3β-HSDH is identified in Odoribacteraceae strains to produce isoalloLCA, which exerts antibacterial effects against Gram-positive pathogens including Enterococcus faecium and Clostridioides difficile to maintain the intestinal homeostasis (132). 12α-dehydrogenation is involved in synthetic process from CA to ursodeoxycholic acid (UDCA), which functions in the therapy of certain gastrointestinal tract diseases, and contributes to counter the effects of LCA and DCA (133). Clostridium scindens, Clostridium hylemonae and Peptacetobacter hiranonis are identified as 12α-HSDH expressing strains (134). A new fecal isolate, Eggerthella lenta strain C592, is found to be a critical microbe in BA metabolism and express 3α-, 3β-, 7α-, and 12α-HSDHs (135, 136). 12β-HSDH interconverts the 12-oxo bile acids to the 12β-configuration to completes the epimerization, forming less toxic and more hydrophilic bile acids. 12β-HSDH activity is proved in Clostridium paraputrificum (137).

The effects of acarbose are based on the gut microbiota-plasma BA axis as acarbose elevates the RA of Bifidobacterium and Lactobacillus while depleting Bacteroides, leading to altered RA of microbial genes that are responsible for BA metabolism. The results of acarbose treatment depend on microbiota compositions in the gut before treatment, and diverse abilities of the gut flora to metabolize BAs result in distinguishing therapeutic effects (138). Antibiotics modify the intestinal microbiota to change high-fat diet (HFD)-driven inflammatory signaling and BA composition, resulting in improved glucose metabolism and IR. These effects depend on interactions with the host’s systemic inflammatory response and genetic background (139).Patients undergoing bariatric surgery (especially gastric bypass procedures) show improvements in insulin sensitivity, which are correlated with increased BA concentrations in circulation and alterations in intestinal microbiome, indicating that elevations in circulating BAs and the interaction of BAs and gut flora following bariatric surgery as well as calorie restriction and body mass loss lead to T2DM remission (140).



4.1.3 Targets of BAs

FXR, which is mainly activated by the primary BA CDCA, plays a critical role in modulating glucose homeostasis as well as insulin sensitivity (141, 142). In ileal enterocytes, activation of FXR promotes transcription of FGF19 (FGF15 in mouse), which circulates through the portal vein to the liver and further activates JNK/ERK signaling by binding to FGFR4/β-klotho heterodimer complex to inhibit expression of CYP7A1 in hepatocytes (143). In the liver, FXR activation not only induces small heterodimer partner (SHP) expression to inhibit CYP7A1, but also negatively interferes with glycolysis by inhibiting the carbohydrate response element binding protein (ChREBP), which is responsible for the expression of hepatic glycolytic genes (144–146). In intestinal L cells, FXR interacts with ChREBP to inhibit proglucagon mRNA levels induced by glucose. The effects of FXR on ChREBP also decrease intracellular ATP levels by inhibiting the transcription of glycolytic enzymes, resulting in a reduction in ATP-dependent Glucagon-like peptide-1 (GLP-1) secretion (147). In pancreatic β cells, FXR activation has been suggested to inhibit the KATP current and increase the cytosolic Ca2+ concentration, eventually resulting in increased insulin secretion (148, 149). These observations highlight the importance of the FXR-dependent control of BAs and glucose homeostasis.

In T2DM individuals, metformin decreases the abundance and BSH activity of Bacteroides fragilis to increase intestinal levels of glycoursodeoxycholic acid (GUDCA), which has been identified as a novel endogenous FXR antagonist in the gut. This finding demonstrates that metformin improves glucose metabolic dysfunction via a Bacteroides fragilis-GUDCA-intestinal FXR axis (150). In NAFLD patients with T2DM, obeticholic acid (OCA, an FXR agonist) activates FXR to mediate an increase in FGF19, resulting in weight loss and improved insulin sensitivity, accompanied by decreased endogenous BA production and 7a-hydroxy-4-cholesten-3-one (C4, a biomarker for BA synthesis) levels (151). Although serum levels of BA and C4 vary significantly among individuals, C4 plasma levels are considerably elevated in patients with T2DM and metabolic syndrome (MetS) (152). Studies in FXR-deficient mice fed a HFD have demonstrated that intestinal flora takes part in the development of IR and obesity by modulating BA and FXR signaling, and conversely, FXR may contribute to adiposity increase by changing the composition of gut microbiome, which is characterized by elevation in Bacteroidetes and reduction in Firmicutes (153).

TGR5, a transmembrane G protein-coupled receptor, is activated mainly by the secondary bile acids, DCA and LCA (154). Previous studies have shown that TGR5 activation results in increased intracellular cyclic AMP (cAMP), leading to the maintenance of glucose homeostasis, preservation of pancreatic function and insulin sensitivity as a consequence of increased GLP-1 secretion and energy expenditure induced by enhanced mitochondrial function (155). In enteroendocrine L cells, activation triggers an increase in the synthesis and release of GLP-1. In systemic circulation, BAs escaping hepatic clearance activate TGR5 in BAT and muscle to activate type 2 iodothyronine deiodinase (DIO2), which converts inactive thyroxine (T4) into active thyroid hormone (T3) to promote energy expenditure (156). In addition, TGR5 positively regulates insulin secretion via a cAMP/Ca2+ pathway in pancreatic β cells, while it reprograms pancreatic α cells to produce GLP-1 to mediate the proliferation and mass of β cells (157, 158).

The FXR agonist, fexaramine (FEX), activates FXR to shape the gut flora inducing Bacteroides and Acetatifactor, which convert CDCA and UDCA to LCA. LCA not only activates TGR5 and further stimulates L cells to secrete GLP-1, resulting in improved insulin sensitivity, but also induces WAT browning by activating TGR5/cAMP signaling to improve energy metabolism and ultimately reduce weight (159). Wu et al. demonstrated that ablation of intestinal HIF-2a leads to an elevation in Ruminococcus torques abundance and a decrease in Bacteroides vulgatus by reducing lactate synthesis, resulting in elevated levels of taurine-conjugated cholic acid (TCA) and DCA. These changes activate adipose TGR5 to upregulate WAT thermogenesis, ultimately improving obesity and IR (160). Cholic acid-7-sulfate (CA7S), an endogenous BA sulfated metabolite, has been identified as a potent gut-restricted TGR5 agonist that induces the secretion of GLP1 from enteroendocrine L cells. CA7S is increased in the gastrointestinal tract after sleeve gastrectomy (SG), exhibiting anti-diabetic effects by enhancing glucose tolerance and reducing blood glucose levels (161). LCA has been identified to mediate the synthesis of CA7S in hepatocytes to influence host metabolism. Changes in the gut flora post-SG, particularly a decline in Clostridia, lead to a reduction in the production of LCA, resulting in increased production of CA7S (162). As CA7S is generated through microbiome-dependent signaling, its stability may differ among individual gut microbiomes (163).

GLP-1 is a proteolytic product of the proglucagon gene and regulates glucose homeostasis in the body. GLP-1 reduces appetite and slows gastric emptying in response to ingestion, and it acts on the pancreas to reduce glucagon secretion. GLP-1 also promotes glucose uptake and storage in muscle and adipose tissues while inhibiting glucose production in the liver (164, 165). Moreover, GLP-1 activates the GLP-1 receptor (GLP-1R) to promote proliferation and inhibit apoptosis of islet β cells to increase insulin biosynthesis and secretion (166). In T2DM patients, postprandial BA concentration is higher, and BA metabolism is upregulated, which may be due to the advantage of glucose-induced BA stimulation over other inhibiting factors to maintain GLP-1 levels as a compensation. Thus, the requirement of higher BA levels to stimulate enteroendocrine L cells to release GLP-1 as resistance to BA in L cells is suggested (167). Recently, studies have found that Akkermansia muciniphila secretes P9, a novel protein identified to induce the secretion of GLP-1 (168, 169).




4.2 SCFAs

The fermentation of undigested dietary components (e.g. fibre and resistant starch) in the large intestine mainly produces three SCFAs including acetate, propionate as well as butyrate, and various biochemical pathways are involved in the process (170). Thus far, as the most well studied metabolites of gut flora, SCFAs control immunomodulatory functions, promote the integrity of intestinal epithelium, as well as regulate insulin secretion and the proliferation of pancreatic β cell, playing a variety of roles in IR and T2DM (171). Most enteric bacteria are identified as acetate producers such as Akkermansia muciniphila, Blautia hydrogenotrophica, Clostridium spp., Ruminococcus spp., Prevotella spp., Bifidobacterium spp., Bacteroides spp., Streptococcus spp. Propionate producers include Roseburia inulinivorans, Phascolarctobacterium succinatutens, Megasphaera elsdenii, Coprococcus catus, Ruminococcus obeum, Bacteroides spp., Dialister spp., Veillonella spp., while Roseburia spp., Anaerostipes spp., Faecalibacterium prausnitzii, Coprococcus catus, Coprococcus eutactus, Coprococcus comes, Eubacterium hallii, Eubacterium rectale are proved to be burytate producers (170, 172, 173).

SCFAs exert benefits by activating G-protein coupled receptors (GPCRs) such as GPR41, GPR43 and GPR109A (174). Acetate, as well as propionate promotes GPR43 and GPR41 to release peptide YY (PYY) and GLP-1 to influence satiety and intestinal transit (175). Butyrate has also been proved to induce GLP-1 and PYY to increase insulin secretion and maintain glucose homeostasis (176, 177). In addition, butyrate not only activates GPR109A and inhibits histone deacetylases (HDACs) to exert anti-inflammatory effects, but also produces antimicrobial peptides to promote epithelial barrier function (178). Another study has shown that butyrate induces satiety to reduce food intake and activate BAT to promote fat oxidation by influencing the gut-brain neural circuit (179). A study suggested that butyrate produced in the gut mainly improves dynamic insulin response to food ingestion, instead of maintaining glucose homeostasis in the fasted state, and increased butyrate production driven by a genetically influenced change in the gut microbiome is beneficial for pancreatic β-cell function (180). Furthermore, butyrate was reported to maintain the gut microecological balance by limiting the bioavailability of respiratory electron acceptors of Enterobacteriaceae in the colonic lumen and thus preventing a dysbiotic proliferation of opportunistic pathogenic Salmonella and Escherichia (181). Dysosmobacter welbionis J115T, a new butyrate-producing bacterium belonging to the Ruminococcaceae family and isolated from human feces, is identified to be negatively correlated with fasting plasma glucose, HbA1c and BMI in overweight or obese individuals with metabolic syndrome, and influences host metabolism in beneficial and direct way (182). However, another study highlighted the importance of functional dysbiosis of gut flora in association with T2DM pathophysiology, rather than a specific microbial species. They found only a mild degree dysbiosis of gut flora in T2DM patients, while a decrease in butyrate-producing bacteria, which seemed to be metabolically beneficial (38). In T2DM patients, reduced SCFA levels caused by decreased abundance of SCFA-producing bacteria may contribute to the progression of IR and T2DM (31). Yet animal and clinical researches have demonstrated that the levels of fecal SCFA are positively correlated with IR and body weight (183), controversies over the role of SCFAs in T2DM and IR still remain, and further investigations are required.



4.3 AAs

Research has shown that elevated concentrations of AAs, particularly BCAAs, are correlated with increased IR and risks of T2DM (184). BCAAs also promote the development of IR associated with obesity in a setting of a HFD (185). The intestinal microbiota acts as an independent factor of increased serum BCAA levels in individuals with IR. Prevotella copri and Bacteroides vulgatus have been identified as the major gut microbes correlated with the biosynthesis of BCAAs and IR (17). Among BCAAs, a previous study has further identified a critical role of isoleucine in metabolic health as a diet with low isoleucine activates the FGF21-UCP1 axis to reprogram the metabolism of adipose tissue and liver, improving energy expenditure and hepatic insulin sensitivity. Reducing dietary valine induces similar but milder metabolic effects, whereas low leucine does not show these effects, thus suggesting that decreasing dietary isoleucine is important to prevent and treat diabetes (186). Of note, IR may induce the protein degradation normally suppressed by insulin and impair the oxidative metabolism of BCAA to result in aminoacidemia, suggesting that increased BCAA may be a marker of insulin action loss instead of a causation (187).

Similar to BCAAs, aromatic amino acids (AAAs) also take part in the pathogenesis of hyperglycemia as the metabolisms of BCAAs and AAAs change prior to alteration of glucose homeostasis (188). BCAAs and AAAs both act as markers of IR development in young adults with normoglycemia, suggesting that their correlation with diabetes risk partly depends on IR (189). Clostridium sporogenes has been identified to metabolize all three AAAs in the human gut (190). Ka et al. demonstrated that excessive consumption of monosodium glutamate (MSG) positively correlates with overweight and BMI among healthy Chinese adults, suggesting a correlation between glutamate and obesity (191). In obese individuals, Liu et al. observed a decrease in Bacteroides thetaiotaomicron abundance, which is negatively correlated with serum levels of glutamate. These microbial and metabolic changes are partly reversed by bariatric surgery, and the reduced glutamate levels in circulation contribute to the improvement of IR and hyperglycemia (81).



4.4 Others

Gut flora convert choline in diet to trimethylamine (TMA), the precursor of TMAO. A high-fat diet elevates choline catabolism of Escherichia coli by changing the physiology of colonic epithelium, thus increases TMAO levels in circulation (192). Intestinal microbiota (predominantly Enterobacteriaceae) also reduces TMAO to TMA, which is untaken by the host and circulated to the liver to be further converted into TMAO by hepatic enzymes. Conversely, TMAO influences the metabolism and growth of intestinal microbiota in a taxon and source-dependent manner (193). Urocanate produced by histidine metabolism is converted to imidazole propionate by microbiota expressing urocanate reductase. T2DM patients show higher concentrations of imidazole propionate in peripheral and portal blood than healthy individuals, indicating that imidazole propionate may impair insulin signaling. Eggerthella lenta and Streptococcus mutans were identified to produce imidazole propionate, which was proved to aggravate glucose intolerance in mice (55). In addition, elevated serum levels of imidazole propionate are correlated with decreased abundance of intestinal flora (194). Gut flora-produced indolepropionic acid, a promising biomarker for T2DM progression, is suggested to be positively correlated with insulin secretion and negatively associated with low-grade inflammation as it preserves function of islet β cells (195).




5 Therapeutic options for targeting the gut microbiota in T2DM and obesity

In summary, the intestinal microbiota and its metabolites are involved in the occurrence and progression of T2DM, and the process can be reversed to some extent by regulating the intestinal microbiota and its metabolites, providing a new idea for clinical treatment (196) (Figure 2).




Figure 2 | Modulation of T2DM by therapeutic approaches targeting the gut microbiota.




5.1 Probiotics

When applied in appropriate amounts, probiotics, which are described as the living microbes, provide the host with health benefits (197). Studies have shown that the administration of probiotics regulates intestinal flora, suppresses inflammatory responses, improves intestinal barrier function, antagonizes each other with pathogens and produces beneficial microbial metabolites, including SCFAs and BAs (198). Studies on the molecular mechanisms of probiotic intervention in T2DM have shown that probiotics have ameliorative effects on IR and hyperglycemia (199).

Studies have shown that Akkermansia muciniphila treatment improves liver function, reduces oxidative stress and inhibits inflammation in diabetic mice. Akkermansia muciniphila supplementation reduces chronic low-grade inflammation and increases anti-inflammatory factors, such as α-tocopherol and β-sitosterol (200). Glucose tolerance and insulin sensitivity in diabetic mice were also ameliorated by supplementation with Lactobacillus mucilaginosa. In addition, it has been shown that supplementation with Lactobacillus acidophilus improves intestinal barrier function, and a reduced inflammatory response in the liver and colon has been observed in animal models of diabetes. Studies have shown that Akkermansia muciniphila strains are not even required to colonize the intestine to exert beneficial metabolic health effects (201, 202). In addition, 14 probiotics were isolated from fermented camel milk, and the effects of these 14 probiotics encompassed an increase in SCFA, an improvement in function of intestinal barrier, an upregulation of GLP-1 secretion, all of which showed significant improvements in blood glucose in db/db mice (203). A randomized, double-blinded, placebo-controlled study has reported that the administration of probiotic improves glucose metabolism in T2DM individuals, while the consumption of fermented milk results in other metabolic alterations including an elevation in acetic acid and a reduction in inflammatory cytokines (TNF-α and resistin) (204).The role of probiotics in T2DM deserves recognition, but the FDA and EFSA do not yet have any approval statements for probiotics (205–207). To verify the effectiveness of probiotics, more clinical trials are required.



5.2 Fecal microbiota transplantation (FMT)

Microbiologists have isolated many probiotic bacteria in the last century, and although studies have demonstrated their efficacy in standard animal models, single microorganisms are weak in preventing and treating human diseases (208, 209). Consequently, their clinical benefits are limited (210). Therefore, it is necessary for multiple microbes to work together to remodel the intestinal microbiota. In recent years, FMT has received increasing attention in the field of biomedical and clinical medicine (211). FMT refers to the transfer of fecal microbiota from a healthy donor to an unhealthy recipient via capsules with freeze-dried stool (or other ways), it may correct dysbiosis by increasing microbial diversity and restoring microbial function (212).

Official guidelines have ratified FMT as a standard treatment for recurrent Clostridium difficile infection (CDI) (213). According to data available on clinicaltrials.gov, ongoing trials on FMT are focused on indications other than CDI, and many clinical trials have shown that it also has strong potential in the treatment of refractory ulcerative colitis, Crohn’s disease, irritable bowel syndrome and other intestinal diseases as well as many extraintestinal diseases, including diabetes, cancer, cirrhosis, entero-brain disease and other metabolic diseases (214–217).

Early studies have shown that germ-free mice receiving samples from obese donors gained more weight than those from lean suppliers (78). After transplantation of Kazaks normal glucose tolerance (KNGT) fecal bacteria to db/db mice, the richness of Clostridium coccoides and Desulfovibrio in the intestine markedly declined, while the fecal abundance of Akkermansia muciniphila are increased. Moreover, the levels of fasting blood glucose and postprandial glucose are significantly downregulated in db/db mice, while the levels of HDL-cholesterol are upregulated, suggesting that fecal bacteria from KNGT may be a promising source for treating T2DM individuals with FMT (218, 219).

Previous studies have demonstrated that BA concentrations are changed in T2DM patients (147, 220). In addition, a study on the functional identification of bacterial and viral genes before and after FMT has shown that metabolic pathways such as the degradation of fluorobenzoate and the biosynthesis of secondary bile acids were significantly altered. A recent study has shown that the composition of the intestinal flora affects metabolism of BAs (211). The formation of BAs, SCFAs, and intestinal transit time of the organism are altered after FMT treatment. A previous study showed that allogenic FMT using feces from post-Roux-en-Y gastric bypass donor (rYgB-D) exerted short-term effects on metabolism of glucose, adipose tissue inflammation and intestinal transit time in obese and treatment-naive male individuals with IR, compared with feces from a metabolic syndrome donor (MetS-D) (74, 212).

Some studies have shown high interindividual variability in strain-level outcomes following FMT (221). Changes in plasma metabolites are also reported. The improvement in glucose metabolism, and the regulation of gut microbiota and plasma metabolites by FMT from lean donors are dependent on the reduction in fecal microbial diversity at baseline. Thus, pretreatment fecal microbiota characteristics may differ in response to bacterial species of lean donors, and thus pretreatment status may be correlated with the treatment effects (44, 58, 74).

However, some contradictory results have been reported. A 12-week double-blinded randomized placebo-controlled pilot trial of oral FMT capsules has shown that weekly treatment of FMT capsules to obese adults led to intestinal microbiota transplantation in most recipients for at least 12 weeks. Despite the successful implantation of the colonies, obviously clinical metabolic effects were not observed during the study period (222). Because researchers tend to publish studies with positive data, it makes it more difficult to determine the actual results. Studies have shown that performing FMT is also risky, and that harmful microorganisms may be transferred to the recipient via FMT. A previous study showed that an individual receiving feces from an overweight but healthy donor had developed new-onset obesity. Therefore, it is essential to publish studies with negative data so that we can have an unbiased understanding of the intestinal microbiota and its role in diseases (223).

To explore the potential of FMT in metabolic diseases (T2DM), further detailed work is needed, such as determining the indications for recipients, optimal donor microbiome profile and appropriate dose frequency. Modulation of the gut microbiota by techniques including FMT may become a potential therapeutic option for T2DM management.



5.3 Herbal medicines

There is growing evidence that many herbs or their herbal compounds may have a therapeutic effect on T2DM by modulating the intestinal microbiota. Radix scutellariae can eliminate heat and dampness, cure jaundice and quench thirst. A modern pharmacological study has shown that scutellaria achieves hypoglycemic and lipid-regulating effects by reducing intrahepatic cholestasis or increasing BA excretion in the feces (224). Studies have shown that baicalin improves diabetes by modulating the interplay between BAs and intestinal flora, an effect that may be mediated by FXR (225).

A study has shown that licorice extract improves IR, endotoxemia-related colonic inflammation and serum lipids in diabetic mice. In addition, licorice extract reshapes the intestinal flora by reducing Lachnospiraceae_NK4A136_group, while increasing Akkermansia and Bacteroides.These results indicate that the modulation of intestinal microbiota and colonic TLR4/NF-κB signaling pathway in diabetic mice may be the main reason for the anti-diabetic effect of licorice extracts (226). Studies have shown that the antidiabetic effect of Scutellaria-coptis herb couple (SC), one of the famous herbal compounds in traditional herbal combinations for diabetes treatment, is attributed to its modulation of gut microbiota and anti-inflammatory effects involving TLR4 signaling pathway (227). A rich-polyphenols extract of Dendrobium loddigesii (DJP) has been used to treat diabetic db/db mice, possibly due to the effects of DJP-induced reduction of inflammation and oxidative stress and improved intestinal flora balance, resulting in improved diabetic symptoms and complications in mice (228). Gegen Qinlian Decoction (GQD), a traditional Chinese medicine formula, has already been applied to treat common metabolic diseases such as T2DM. The mechanism of GQD for T2DM is mainly through altering the structure of the entire intestinal microbiota, enriching it with many butyrate-producing bacteria, thereby reducing intestinal inflammation and lowering blood glucose (229). Berberine, a hypothetical key active pharmaceutical ingredient of GQD, is also isolated from rhizoma coptidis and acts as an active alkaloid to achieve pharmacological effects by regulating the intestinal microbiota (230). In animal models of T2DM, berberine has been shown to increase the number of beneficial bacteria, reduce potentially pathogenic bacteria, and protect the islets and protect insulin target organs by reducing the invasion of inflammatory cells and inhibiting the development of a systemic inflammatory response (231). In a mouse model with T2DM, ginsenosides have been shown to modulate the intestinal flora, thereby reducing gut mucosal damage and a range of inflammatory responses (232, 233). Purified citrus polymethoxyflavone-rich extract (PMFE) significantly increases the abundance of Bacteroides ovatus, Bacteroides uniformis and Bacteroides thetaiotaomicron. The enrichment of Bacteroides ovatus by PMFE contributes to lower BCAA levels, weight loss and MetS relief (234). Ginsenoside Rb1 (Rb1) significantly changes the composition of the intestinal microbiota as it significantly increases the abundance of the bacterium Akkermansia spp. to which circulating alanine levels are related. Modulation of alanine may be correlated with Akkermansia spp., which is elevated in abundance by Rb1 to gain glucose homeostasis (235).

The role of herbal medicines in improving the intestinal microbiota in the treatment of T2DM deserves recognition. However, from the perspective of modern science, the underlying mechanism requires more explorations. Most of the effects of herbal medicines on microbiota are associated with intestinal flora structure modulation, increased richness of beneficial bacteria and butyrate concentration in gut, inhibition of opportunistic pathogens. Most of the findings are based on animal experiments, thus indicating the need of further evidence from human studies, and the underlying principles remain to be explored.



5.4 Diet and exercise

Studies have shown that weight loss of approximately 15 kg achieved through calorie restriction resulted in T2DM remission in 80% of obese and T2DM individuals. In addition, this remission is proportional to the amount of weight loss (236). Therefore, optimizing carbohydrate intake and increasing dietary fiber supplementation is particularly important for patients with T2DM. Fiber has already been recognized to play a critical role in regulating metabolism and preventing chronic gastroenterological diseases (237). The lower fiber content in the Western diet (especially in industrialized countries) is closely related to the elevated prevalence of metabolic disease states. Thus, alteration of the microbiota through dietary fiber interventions can improve health. Associations have been found between plant-based diets and taxa, such as Roseburia, Faecalibacterium prausnitzii and Eubacterium rectale, as well as an elevation in total SCFAs (238). SCFAs are produced by microbial fermentation of dietary fiber, which have cholesterol-lowering and glucose-control effects (239). Dietary fiber has been identified to markedly increase the RA of Bifidobacterium and total SCFAs while reducing glycated hemoglobin (240). Another study has reported that Bifidobacterium pseudocatenulatum, an acetate producer, is one of the most significantly promoted SCFA-produced microbiota by dietary fibers, and inoculation with this strain results in improved IR and postprandial glycemic response (31). A previous study has also shown that an almond-based low carbohydrate diet may improve glucose metabolism in patients with T2DM by increasing SCFA-producing bacteria, including Roseburia, Ruminococcus and Eubacterium, to elevate SCFA production and activate GPR43 to sustain GLP-1 secretion (48). Consistently, another study has suggested that almond-based diets may promote SCFA-producing bacteria while decreasing hemoglobin and body mass index (BMI) in T2DM individuals (241). The Green-Mediterranean diet with a gradual increase in plant components induces specific alterations in the intestinal flora and BCAA metabolism, including an elevation in Prevotella abundance and BCAA degradation as well as a decrease in Bifidobacterium abundance and BCAA biosynthesis, leading to increased insulin sensitivity (242).

Similarly, increasing physical activity and fitness is another important factor in alleviating T2DM. Physical activity is essential for reducing blood glucose and improving insulin sensitivity (243). A previous study has shown that exercise increases the abundance of Akkermansia muciniphila in the intestinal flora of athletes and increases the diversity of the intestinal microbiota (244). Regular exercise has also been reported to influence the composition of intestinal flora, elevate the production of SCFAs and plasma SCFA concentrations to ameliorate IR in skeletal muscle (245). Furthermore, exercise-induced elevation of SCFA-producing bacteria and improvement of intestinal barrier integrity play critical roles in T2DM improvement (246). Studies have shown that taxa producing SCFAs are positively correlated with changes in locomotion and mass, indicating that SCFAs may be involved in improving locomotor performance (247, 248).




6 Conclusion and future perspective

The recognized risk factors for the development of diabetes include the interaction among different elements such as genetic susceptibility, diet, physical activity, smoking, and stress. The interplay of diet and gut microbiota determines the formation and absorption of different metabolites. It has been found that T2DM individuals can be divided into different clusters depending on characteristics of patients and risk of developing complications. Differences in pathophysiology of various groups in the pathogenesis were also found in individuals with prediabetes (249). Different patient subgroups may respond to the same treatment in very different ways. Thus, early identification of patients with diverse traits of T2DM has allowed us to predict the disease progression and response of individuals to the corresponding treatment regimen (250).

Only recently has the importance of the gut microbiota been more widely recognized. Bacteria that live in symbiosis with humans play a critical part in health and disease, and this makes microbiology one of the most active frontiers in biomedicine today. The microbial “organ” of the intestinal flora has involved in the regulation of human health and metabolism (251).Numerous animal studies and clinical trials have strongly supported the role of intestinal flora in obesity, IR and T2DM, as well as the proposition that the gut microbiome may influence a range of host systems and metabolic pathways through the production of metabolites (39, 40, 77, 252, 253). As mentioned before, Bacteroidetes, Firmicutes, Ruminococcus torques, and other species regulate changes in BAs. Akkermansia muciniphila, Roseburia spp., Prevotella spp., and others play important roles in the production of SCAAs. Prevotella copri and Bacteroides vulgatus are closely related to the biosynthesis of BCAAs. The metabolites of these microorganisms are highly associated with the evolution of obesity and T2DM in humans. However, changes in other microbial metabolites, such as imidazole propionate, indole, and TMAO, also play an important role in T2DM, but the corresponding clinical evidences are not sufficient.

Microbially directed interventions for diabetes can be divided into nontargeted and targeted therapies. Nontargeted interventions include exercise, personalized nutrition, Probiotics and FMT, which act on the overall improvement of flora composition and function. Targeted interventions include engineered microorganisms and drugs that target the metabolism of specific microorganisms, which act on specific changes in the metabolism-related flora. Numerous animal experiments and clinical trials have shown that groups with distinct base states respond very differently to therapeutic measures targeting the gut microbiota (45, 46). This discrepancy may be closely related to the composition of the microbial flora present in the organism itself. Therefore, an important prerequisite for the application of microbial therapies is the clarification of the pathogenic mechanism and the baseline microbial level of the organism. It is also the basis for successfully colonizing the transplanted microorganisms in an individualized manner. Overall, by analyzing the causal relationship between T2DM and gut flora, we conclude that gut flora can be used not only as a diagnostic biomarker but also as a promising therapeutic target for T2DM. The utilization of gut microbiota may contribute to a more precise and personalized treatment of T2DM patients.
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Metabolic surgery, or bariatric surgery, is currently the most effective approach for treating obesity and its complications. Vertical sleeve gastrectomy (VSG) and Roux-en-Y gastric bypass (RYGB) are the top two types of commonly performed metabolic surgery now. The precise mechanisms of how the surgeries work are still unclear, therefore much research has been conducted in this area. Gut hormones such as GLP-1 and PYY have been studied extensively in the context of metabolic surgery because they both participate in satiety and glucose homeostasis. Bile acids, whose functions cover intestinal lipid absorption and various aspects of metabolic regulation via the action of FXR, TGR5, and other bile acid receptors, have also been actively investigated as potential mediators of metabolic surgery. Additionally, gut microbiota and their metabolites have also been studied because they can affect metabolic health. The current review summarizes and compares the recent scientific progress made on identifying the mechanisms of RYGB and VSG. One of the long-term goals of metabolic/bariatric surgery research is to develop new pharmacotherapeutic options for the treatment of obesity and diabetes. Because obesity is a growing health concern worldwide, there is a dire need in developing novel non-invasive treatment options.
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Introduction

Obesity imposes significant healthcare burden worldwide. The World Health Organization reports that the current number of individuals who have obesity has increased by three-fold since 1975. In 2016, 39% of the adults worldwide were overweight (1). In the United States alone, 20% of the adults had obesity in 2019 (2). These numbers are alarming; according to one report, people who have class III obesity (body mass index, or BMI, ≥40 kg/m2) could lose up to almost 14 years in life expectancy (3). There are several comorbidities associated with obesity, such as hypertension, dyslipidemia, cardiovascular diseases, and type 2 diabetes mellitus (T2D) (4, 5). T2D affects many people in the US. The “National Diabetes Statistics Report, 2020” published by the Center for Disease Control and Prevention reports that approximately 34.1 million of adults have diabetes, and T2D accounts for 90-95% of those cases (6).

Treatments of T2D include lifestyle intervention, pharmacotherapies, and bariatric surgery (7). The term “bariatric surgery” is gradually being replaced by “metabolic surgery” because the surgery is not only recommended for the treatment of obesity, but also other metabolic diseases (8). There are several kinds of metabolic surgery: gastric banding, sleeve gastrectomy (SG; or vertical sleeve gastrectomy, VSG) Roux-en-Y gastric bypass (RYGB), and several others. Right now, VSG and RYGB are the most frequently performed metabolic surgical procedures globally, and the number of VSG performed has been steadily increasing in the US (9). RYGB is the more technically complicated surgery of the two. In brief, the stomach is first divided into two portions: the smaller, proximal pouch, and the larger, distal pouch. Then, the jejunum is cut, and the distal end is anastomosed with the small gastric pouch. The proximal end of the cut jejunum is anastomosed to the rest of the jejunum, distal to the jejunal limb that is anastomosed to the small gastric pouch (Figure 1A) (10). The VSG surgery is simpler: approximately 75-80% of the stomach is removed along the greater curvature, leaving a sleeve-like gastric pouch (10, 11). VSG is also often referred to as LSG (laparoscopic sleeve gastrectomy) or simply SG (sleeve gastrectomy). For the sake of consistency, “VSG” will be used throughout the rest of the text, even when referencing publications that originally use a different terminology.




Figure 1 | Graphical description of Roux-en-Y gastric bypass (RYGB) and vertical sleeve gastrectomy (VSG). In RYGB, the jejunum is cut, and the distal end is anastomosed to the small gastric pouch, and the proximal end is anastomosed to the rest of the jejunum (A). In VSG, approximately 75-80% of the stomach is removed along the greater curvature to create a sleeve-like gastric pouch (B). (Created with BioRender.com).



Generally, metabolic surgery is recommended to patients with BMI ≥40 kg/m2 (BMI ≥ 37.5 kg/m2 for Asian Americans), and who have not successfully achieved adequate weight loss and management of comorbidities (7). While metabolic surgeries are effective, they are not without risks and complications. Intra-operative complications such as bleeding and leakage, and post-operative complications such as hair loss, bone loss, and nutrient deficiency, could all burden patients (11–14). Therefore, there is a clear medical need to identify the underlying mechanisms of action of metabolic surgery, so that new pharmacotherapy options can be developed for treating obesity, T2D, and other metabolic diseases. This review will summarize in the following sections the recent progress made in metabolic surgery research that is related to gut hormones, bile acids and their receptors, and gut microbiota.



Gut hormones

The feedback loop of hunger, eating, feeling of satiety, and the inhibition of eating behavior is intricately regulated by hormones and peptides (15). Therefore, studying changes in these hormones and peptides after metabolic surgery may provide clues for how the surgery works. Glucagon-like peptide-1 (GLP-1) and peptide tyrosine tyrosine (PYY) are two gastrointestinal hormones that are frequently investigated in metabolic surgery research. GLP-1 is produced by the brainstem and the L cells in the small intestine, and then released upon ingestion of a meal. The release of GLP-1 leads to insulin secretion, reduced hepatic glucose production, reduced food intake, and slowed gastric emptying (16, 17). PYY is also released by the L-cells at the distal small intestine and colon after a meal. Similar to GLP-1, PYY release leads to decreased gastric emptying and suppressed pancreatic secretion (16). In most VSG and RYGB studies, GLP-1 and PYY levels are found to be elevated after the surgeries. In studies done in rats and mice, GLP-1 level was elevated after VSG and RYGB (18, 19). Numerous studies done in humans show similar findings. GLP-1 and PYY are increased after both VSG and RYGB in human patients (20–22), and a systemic review reports that GLP-1 and PYY increased in VSG patients about one year after the surgery (23). A prospective study by Arakawa et al. in human patients also reported that there was a temporal relationship between gut hormone changes and metabolic surgery (24). The authors reported that postprandial GLP-1 level increased in both VSG and RYGB patients at 26 weeks after the surgery. For RYGB patients, their postprandial GLP-1 level was still elevated at 26 weeks after the surgery, and the elevation persisted at 52 weeks after the surgery (24).

Current evidence seems to suggest that gut hormones play important roles in the mechanisms behind metabolic surgery. How VSG and RYGB lead to increase in GLP-1 is believed to be through the alteration in anatomy. GLP-1 production is higher in the distal intestinal tract, and its release is stimulated by carbohydrates, fats, and protein (25). Larraufie et al. found that VSG shortened gastrointestinal transit time of nutrients in mice, and the finding was correlated with an increase in GLP-1 release (26). Further investigation into the roles that gut hormones play in metabolic surgery is needed for finding out how to exploit their therapeutic potential for the treatment of obesity and its comorbidities.



Bile acids and their receptors

Bile acids are fascinating molecules because they participate in many biological functions. The synthesis of bile acids takes place in the liver, starting with cholesterol. Cholesterol is hydroxylated and modified by several sterol hydroxylases that act on different positions of the cholesterol’s carbon structure. The result is a large variety of bile acid molecules with different degrees of hydrophobicity (27, 28). Traditionally, bile acids are known for their roles in dietary lipid absorption. Upon ingestion of a meal, bile acids are released into the duodenum to begin the process of lipid absorption by emulsifying the lipids (29). When bile acids reach the ileum, they are re-absorbed and circulated back to the liver via enterohepatic circulation. The reabsorption of bile acids is very efficient; about 95% of the total bile acid pool is reabsorbed daily, and the rest is excreted in feces and urine (28, 30). Besides lipid absorption, bile acids also function as signaling molecules. Farnesoid X receptor (FXR) and Tekeda-G-protein receptor 5 (TGR5) are two major receptors of bile acids, and their functions will be discussed in a later section (28, 31). Bile acids also interact with gut microbiota; the bi-directional relationship between bile acids and gut microbiota allows them to influence each other’s composition (32). Therefore, bile acids have received substantial interest from the medical and research communities for their therapeutic potential in metabolic diseases.

The roles that bile acids play in metabolic surgery will be discussed in two sections below: Bile Acids, and the Receptors of Bile Acids.


Bile acids

The composition and kinetics of bile acids have been studied in the context of metabolic surgery in both rodent models and humans. Many studies report that metabolic surgery and its metabolic improvements are associated with the elevation of bile acids in the circulation. Nakatani et al. studied adult obese patients who underwent one of the following metabolic surgeries laparoscopically: RYGB, VSG with duodenal jejunal bypass, VSG, and adjustable gastric banding. The authors found that serum bile acids increased after surgery (33). However, Nakatani et al. did not analyze the surgery types separately. In a later study, Patti et al. focused their study scope on RYGB only, and they also found that total bile acids was significantly higher in individuals who had RYGB than those who were overweight or severely obese (34). The findings in VSG are a bit more varied. A study done in rodents reported that total serum bile acids increased after VSG (35), but a meta-analysis showed that total serum bile acids did not increase in human subjects after VSG (36). In another study by Chen et al, the authors reported that after human patients received RYGB and VSG, total bile acids in the blood was increased at both three days and three months after surgery (37).

To better understand the relationship between bile acids and metabolic surgery, it is important to not only look at total serum bile acids level, but also at the alteration of the bile acid composition after metabolic surgery. Ding et al. found that while the total serum bile acids did not change significantly in mice after VSG, the composition of bile acids did: the concentration of taurine-conjugated bile acids increased in the serum after VSG (38). A study done by Wu et al. in a diabetic rat model also reports that besides elevation in total serum bile acids, taurine-conjugated bile acids were elevated after VSG as well (39). One pattern of post-metabolic surgery alteration in bile acid composition that has recently received some attention is the change in the ratio between 12-alpha-hydroxylated (12-α-OH) bile acids and non-12-α-OH bile acids. 12-α-OH and non-12-α-OH bile acids are two major classes of bile acids. In humans, cholic acid (CA), one of the two primary bile acids, is a 12-α-OH BA. The other primary bile acid, chenodeoxycholic acid (CDCA), is a non-12-α-OH bile acids (32). In mice, most members of the non-12-α-OH bile acids are in the form of muricholic acids (MCA) and its associated forms. The ratio between the two classes is determined by the activity of a bile acid synthesis enzyme named sterol-12α-hydroxylase (CYP8B1) because CYP8B1 catalyzes the production of CA (28). High 12-α-OH: non-12-α-OH ratio has been shown to be associated with insulin resistance and obesity in both humans and rodents (40, 41). Rats fed with a Western-style diet were found to produce more 12-α-OH bile acids (42), and mice that were deficient in CYP8B1 were found to be resistant to obesity induced by high-fat diet-feeding due to decreased lipid absorption (43). A recent study performed on a large cohort of VSG patients demonstrated that after the surgery, serum level of CA decreased (a 12-α-OH bile acid), and serum level of taurine-conjugated lithocholic acid (LCA; a non-12-α-OH bile acid) increased (44). Another study reports similar findings: the levels of non-12-α-OH bile acids increased in both RYGB and VSG patients one year after surgery, and the increase was greater in RYGB patients (45). On the contrary, a meta-analysis published by Zhang et al. revealed that after RYGB, the ratio of 12-α-OH: non-12-α-OH bile acids increased instead of decreased in human subjects (36).

Although it is not yet clear why there are differing reports on the post-surgery bile acids composition between RYGB and VSG, what is clear is that the currently available evidence supports the notion that total serum bile acids level and bile acids composition are linked to metabolic surgery. Further research is needed to define how specific bile acids species mediate the health benefits of metabolic surgery. The following section on the functions of bile acids will further underscore the reason for their importance in metabolic surgery research.



Receptors of bile acids

Bile acids interact with several receptors to regulate physiologic pathways. Different species of bile acids possess different affinity for the receptors. For example, primary bile acids CDCA and CA are potent ligands for FXR, and secondary bile acids like LCA and DCA are potent ligands for TGR5 (46). Therefore, it is crucial to include the receptors in the discussion of how metabolic surgeries work through bile acids.

FXR is a nuclear receptor highly expressed in the liver and the intestine, where bile acids can bind to it directly (47). FXR regulates many genes that are involved in various aspects of metabolism, such as bile acids synthesis and transport, gluconeogenesis, lipogenesis, and fatty acid oxidation, etc. (47). Therefore, FXR has been studied extensively in metabolic surgery research. Rodent models are extremely valuable here because they allow genetic modifications to be made, and the collection of tissues for gene and protein expression analysis. Some studies suggest that FXR is required for the success of the surgery. Ryan et al. found that while VSG was successful in bringing significant weight loss to obese WT mice, it failed to do the same in mice deficient of FXR (48). Another group investigated the role of FXR in RYGB surgery: Kong et al. performed RYGB on spontaneous diabetic Goto-Kakizaki rats, and found that CDCA, a potent agonist of FXR, was increased in serum significantly after RYGB (49). The capacity of pancreatic β-cells to secrete insulin also increased after RYGB. However, when RYGB was performed in FXR-deficient mice, their pancreatic β-cells did not improve in insulin secretion (49). On the other hand, some publications report that FXR is not required for metabolic surgery to bring forth metabolic improvement. Li et al. showed that RYGB induced loss of body weight in both WT and FXR-deficient mice (50), even though FXR-deficient mice did not improve in glycemic control following RYGB the same way that WT mice did. By using mice that were deficient in FXR specifically in the liver and the intestine, Ding et al. reported that VSG was still able to improve metabolic parameters in mice (51). The study also shows that perhaps instead of FXR, the decreased intestinal bile acid level and subsequently decreased lipid absorption are part of the underlying mechanism of metabolic surgery.

The variability in the reports of how FXR plays a role in metabolic surgery is not surprising, considering the wide range of its tissue expression and physiologic processes that it mediates. Therefore, analysis of FXR’s downstream targets may be a good direction for finding the underlying mechanisms of metabolic surgery (52). One such target is the gut-derived hormone fibroblast growth factor (FGF) 15 or 19 (FGF15 in mice, and FGF19 in humans). FGF15/19 is produced by the enterocytes in the ileum, and it is released after FXR activation. Once released, FGF15/19 then enters the circulation to reach the liver, where it can bind to its receptor FGFR4. Finally, FGF15/19 completes the negative feedback loop of bile acids synthesis by suppressing the rate-limiting enzyme of bile acids synthesis in the liver, CYP7A1 (28, 46, 52). The significance of FGF15/19 in metabolic surgery has been investigated in both animal and human studies. In FGF15-deficient mice, VSG caused significant weight loss but did not improve glucose tolerance (35). In human patients that received VSG or RYGB, Chen et al. found that FGF19 levels increased at three days following both surgeries. However, by three months after the surgeries, the levels were no longer different between the groups (37). In another study that followed up with patients one year after VSG and RYGB, Nemati et al. reported that FGF19 increased after both VSG and RYGB, and the level of increase was similar between the two groups (45). Additionally, the increase of FGF19 was found to be correlated with T2D improvement. Available evidence suggests that it is worthwhile to investigate FGF15/19 further as a potential player behind metabolic surgery.

Besides FXR, another receptor that bile acids interact with is TGR5. Unlike FXR, TGR5 is a membrane-bound G protein-coupled receptor. Activation of TGR5 leads to the stimulation of adenylate cyclase, production of cAMP, then finally activation of protein kinase A. These processes lead to the modulation of various inflammation and metabolism functions, such as bile acids homeostasis, GLP-1 production, insulin sensitivity, and energy expenditure (47). In contrast to FXR, TGR5 has stronger affinity for secondary bile acids (LCA more than DCA) than primary bile acids. Taurine-conjugated bile acids also produce higher potency at TGR5 than unconjugated and glycine-conjugated bile acids (46). TGR5 mediates the outcome of metabolic surgery in the aspects of glucose regulation and bile acid composition. Mice that were deficient in TGR5 showed dampened response to VSG in their metabolic improvements compared to the WT control mice (38). Moreover, McGavigan et al. found that the shift in bile acids composition that is usually observed after VSG surgery, namely, the decrease in 12-α-OH/non-12-α-OH bile acids ratio in serum, was not observed in TGR5-deficient mice after VSG surgery (53). On the contrary, a study conducted in mice reported that TGR5 is not necessary for the health benefits of RYGB (54).

The evidence mentioned in this section not only reinforces the notion that bile acids composition is an important mediator of the beneficial changes that metabolic surgery brings, but also provides insights into how bile acids and associated molecular targets may be part of the equation of how metabolic surgery works.




Gut microbiota

The microbial communities that reside in an individual person or animal are numerous and diverse. The estimated number of microbes that inhabits the colon of an adult human is 3.2 x 1011 cells per gram of content (55). Growing evidence shows that the gut microbiota is involved in a large variety of physiologic and pathologic processes. Many factors can affect the composition of gut microbiota, such as diet, medication, and external environment (Figure 2) (56). “Normal” or “healthy” composition of gut microbiota contributes to physiologic processes such as nutrient extraction and the development of immune system (57). Disruption of the normal composition could lead to alteration in the health status of organ systems such as the brain, the heart, and the lung (56, 58, 59). Specifically, mental health status (60), inflammatory responses (61, 62), and even pain perception (63, 64), can all be affected by the gut microbiota.




Figure 2 | Interaction among environment, gut microbiota and host. Many factors can affect the gut microbiota, such as diet, medication, environment, bariatric surgery, and bile acids. Alteration in the gut microbiota can then affect the health status of multiple organ systems. (Created with BioRender.com).



Gene sequencing technologies such as 16s rRNA sequencing and shotgun metagenomic sequencing, combined with powerful analytic tools, allow for the extraction of genetic and functional information from samples (65). Most of the gut bacteria in humans and laboratory rodents belongs to two major phyla: Firmicutes and Bacteroidetes (57, 66). Studies found that the relative abundance of the two phyla is associated with obesity. In both mice and humans, obesity is reported to be associated with higher ratio of Firmicutes: Bacteroidetes (66–68). However, some studies found either opposite or lack of association between obesity status and Firmicutes: Bacteroidetes ratio (69, 70). This conflict could be the result of technical differences between studies, or due to the complex nature of obesity and microbiota (70).

As the field of gut microbiota research progresses, more and more studies report gut microbiota data that are beyond the phylum level. Studies conducted in mice show that some species are associated with metabolic disturbance. For example, several species of Lactobacillus have been reported to have the ability to prevent weight gain and blood glucose disorder in mice that were fed high-fat diet (71). The results from a clinical trial supported the beneficial effect of Lactobacillus spp, showing that overweight subjects who consumed yogurt containing heat-killed Lactobacillus plantarum OLL1712 displayed significantly less abdominal fat accumulation and lower fasting plasma glucose (72). Similarly, Akkermansia muciniphila and Parabacteroides distasonis have both been deemed beneficial to metabolic health (73–75).

Gut microbiota has also been investigated as part of the underlying mechanism of metabolic surgery. The close interaction between gut microbiota and bile acids makes studying the gut microbiota in this context particularly interesting. The following sections will introduce the roles that gut microbiota may play in metabolic surgery. First, the interaction between the gut microbiota and bile acids will be introduced. Then, the way that the gut microbiota is influenced by metabolic surgery will be discussed, and the discussion will also include changes in adipose tissues after metabolic surgery. Finally, the discussion of gut microbiota will be concluded with how certain metabolites of gut microbiota could be exploited as therapeutic options for obesity, T2D, and other metabolic diseases.


Gut microbiota and bile acids

The gut microbiota possesses the ability to modulate the composition of bile acids. The production of secondary bile acids relies on the hydroxylation and dehydroxylation carried out by the gut microbiota at the distal small intestine and the colon (32, 76). Bile acids are conjugated mostly with glycine in humans, and with taurine in rodents, which increases their solubility (32, 77). The gut bacterial species that have bile salt hydrolase can deconjugate bile acids from taurine and glycine; then, further modification by other mechanisms of the gut bacteria results in the production of secondary and tertiary bile acids (77). The gut microbiota can also influence the activity of FXR and TGR5 through altering the composition of bile acid pool (32). The impressive impact that gut microbiota has on bile acid composition and the genes that regulate bile acid synthesis is perhaps best demonstrated in germ-free mice (GF). Compared to conventionally-raised mice, GF mice showed a lack of secondary bile acids, decreased overall bile acid pool size, and altered composition of bile acids at various segments of the intestines (78). Additionally, the expression levels of bile acid synthesis enzymes CYP7A1, CYP7B1, CYP8B1, and CYP27A1 have also been found to be different between GF and conventionally-raised mice (78, 79). These findings further support the notion that gut microbiota can impact bile acid composition.

Bile acids can influence the composition of gut microbiota as well. Bile acids have long been known to have antimicrobial property. An in vitro study showcased the antimicrobial activity of bile acids against Staphylococcus aureus (80) by demonstrating that CA and DCA decreased the viability of S. aureus in a concentration-dependent manner. In mice, feeding of ursodeoxycholic acid (UDCA) altered both the microbiota and bile acid compositions (81). In rats, feeding of CA for 10 days increased the proportion of the Firmicutes phylum in the gut microbiota (82).

The relationship between bile acids and gut microbiota is bi-directional. It should be no surprise, then, that the gut microbiota has received much attention in the realm of metabolic surgery research.



Gut microbiota and metabolic surgery

The implication of gut microbiota in how metabolic surgery works has been acknowledged for some time now. Many studies have reported on the shifts in gut microbiota in rodents and humans after metabolic surgery. Taken into consideration of the bi-directional relationship between bile acid and gut microbiota, how metabolic surgery influences the gut microbiota (or vice versa) could hold the key to uncovering the underlying mechanisms of metabolic surgery.

The early investigation of the role of gut microbiota in metabolic surgery was focused on finding trends or patterns of how gut microbiota changed after metabolic surgery. In a small study of nine human subjects, changes in fecal microbiota were detected between individuals that were lean, morbidly obese, and after RYGB (83). Phylogenic analysis revealed that the microbiota communities tended to cluster together in individuals within the same cohort, with pronounced distinction between lean and obese individuals. A later study investigated the alteration in fecal microbiota after dietary intervention aimed at treating obesity, and after VSG (84). The authors found that although similar degree of weight loss was achieved by both groups, the ways that the microbiota compositions altered were not the same. After dietary intervention, the proportion of Bacteroidetes phylum decreased, and the proportion of Firmicutes phylum increased; but the opposite changes were observed after VSG. Similarly, a recent study that also analyzed the gut microbiota of individuals who received dietary interventions or VSG reported no common pattern of microbiota changes between the groups (85). These reports showed that although gut microbiota can be influenced by the metabolic health status of an individual, it can also be influenced by the type of intervention the individual receives. In other words, it is possible that metabolic surgery places a unique signature on the gut microbiota.

Several studies also compare how different types of metabolic surgery could alter the gut microbiota. Gastric banding surgery does not require drastic anatomic alteration like VSG and RYGB do, so it is not surprising that the gut microbiota was not significantly affected in human subjects after gastric banding surgery (86). However, the same study also found that the gut microbiota of the human subjects who received RYGB was significantly different from subjects who did not receive the surgery. A more recent study compared VSG and RYGB surgeries in human subjects, and the authors reported that VSG imposed more prominent effect on gut microbiota than RYGB (87). The authors found that after VSG, 23 bacterial genera increased in abundance and 10 genera decreased; after RYGB, 19 genera increased in abundance and one decreased. It is important to note that among the differences, there are also similarities; of the affected genera, VSG and RYGB shared 10 of the increased genera, and one of the decreased genera.

The reason why dietary intervention and different types of metabolic surgeries alter the gut microbiota differently is still being investigated. If the gut microbiota contains the ability to influence metabolism, then fecal microbiota transplantation (FMT) experiments may help answer some questions. Liou et al. performed FMT experiment in which feces from mice that received RYGB or sham surgery were transplanted to GF mice. The results showed that the body weight and adiposity of the recipients of RYGB feces were lower than the recipients of sham feces (88). Later, Groot et al. conducted a FMT study with human subjects: fecal microbiota from human subjects who had metabolic syndrome and who received RYGB surgery were transferred to nonsurgical subjects with metabolic syndrome (89). The results showed that while recipients of gut microbiota from donors with metabolic syndrome had worsened insulin sensitivity, recipients of gut microbiota from RYGB donors showed trends of improvement in insulin sensitivity, although the improvement was statistically insignificant. There is clearly much more to discover and investigate in the role that gut microbiota plays in the beneficial effects of metabolic surgery.

Efforts have been made to identify bacterial species that can mediate the health benefits of metabolic surgery. One candidate is Akkermancia muciniphila. Abundance of A. muciniphila was found to be lower in leptin-deficient obese mice and high-fat-diet-fed mice than in lean mice (90). When the bacterium was administered to the mice, body weight and body composition improved. Similar findings have been reported in humans. A proof-of-concept study published by Depommier et al. shows that A. muciniphila could be safely administered to human volunteers. Although the changes were not significant, the authors found that A. muciniphila treatment had beneficial metabolic effects such as improvement in insulin sensitivity, reduction of insulinemia, and loss of body weight (75). However, there are conflicting reports. A recent study looked at the abundance of A. muciniphila in patients after gastric banding and RYGB surgeries (91). A. muciniphila was not increased in gastric banding patients, but it was increased in RYGB patients. The authors also reported that the abundance of the bacterium at baseline was not correlated with clinical outcome after RYGB, and after RYGB the increase in the abundance of A. muciniphila was not correlated with glucose homeostasis and other clinical variables. The question of whether or not A. muciniphila or any one bacterium has the ability to effectively treat obesity is still being studied. Instead of focusing on the bacteria themselves, some groups have turned their attention to the metabolites of the bacteria. In the next section, how the metabolites and functions of the gut microbiota can be exploited for metabolic health benefits will be discussed.



Metabolites and functions of gut microbiota, and their therapeutic values

Metabolomics is another area of focus in metabolic surgery research. Metabolomic studies may enhance the efforts of mining gut microbiota for mechanistic clues by narrowing down the physiologic pathways that are impacted after metabolic surgery. Then, the alteration in gut microbiota composition can be taken into account while studying the impacted pathways. Because identifying specific bacterial species or groups thar bear therapeutic potentials for obesity is challenging, redirecting our attention to the physiologic pathways and metabolites over which the surgery-associated gut microbiota profile has influence may be a more practical strategy.

A tryptophan-derived metabolite named indole-3-acetic acid (IAA) has been studied for its association in metabolic health. IAA levels in the serum was lower in HFD-fed mice, and correspondingly, the abundance of the gut bacteria that metabolize tryptophan to produce IAA also was found to be decreased (92). One of the consequences of obesity is non-alcoholic fatty liver disease (NAFLD) (93), and Yu et al. explored the role of IAA in improving NAFLD after VSG (94). The authors found that in human patients, NAFLD was improved after VSG, and serum IAA level was increased at both one and three months after the surgery. By using mice, the authors established the link between IAA and NAFLD by administering IAA to HFD-fed mice. As expected, administration of IAA improved NAFLD and increased the number of anti-inflammatory macrophages in the livers of HFD-fed mice. Some studies looked at bacterial functional pathways at various time points after metabolic surgery. Shen et al. reported that 15 bacterial functional pathways were enriched in post-RYGB patients compared to before surgery (95). Examples of these pathways are metabolism of amino acids, carbohydrates, lipids, and vitamins, etc. However, 12 of these pathways regressed to pre-surgery levels at 12 months after RYGB, despite sustained weight loss. Analysis of the alteration in gut microbiota at pre-surgery and 12 months after surgery revealed similar regression. The question of how much gut microbiota can influence metabolic surgery outcome is still up for debate. Shen et al’s results show that it is possible for the surgery to overpower the influence of gut microbiota.



Metabolites and the effects of metabolic surgery on adipose tissues

Metabolic surgeries efficiently reduce body mass and adiposity. Adipose tissues are remodeled after VSG with smaller fat pad and adipocyte size. Growing evidence showed that VSG induced microbiota and metabolites alteration have key effects on reduced fat mass. As an endocrine organ, gut microbiota produced metabolites like bile acids, SCFA (short chain fatty acids) and BCAA (Branched-Chain Amino Acids) have been reported to regulate lipid metabolisms in adipose tissue. These metabolites have potential regulatory roles in metabolic surgery induced fat loss.


Bile acids

The level and composition of bile acids are known to be altered by metabolic surgery. Our previous study showed that after VSG surgery, remodeled bile acids activate TGR5-cAMP signaling pathway in brown adipose tissue (BAT) and promote BAT thermogenesis. TGR5-/- mice failed to maintain VSG-induced body weight loss, BAT activity and energy expenditure (38). It has also been reported that bile acid–TGR5 axis promotes white fat browning and lipolysis (96). VSG induced elevation of conjugated bile acids have more potency to activate TGR5 than un-conjugated bile acids (97). Bile acid-TGR5 signaling plays a key role in reduced adiposity after VSG (38). Interestingly, compared with bariatric surgery, microbiota and bile acids alteration after caloric restriction (CR) are responsible for rebound weight gain in mice. CR caused dramatically increased proportion of non-12α-OH bile acids, ursodeoxycholic acid and lithocholic acid. These alterations lead to decreased UCP1 expression in brown adipose tissue of weight rebounded mice (98). The difference of bile acids level and composition between bariatric surgery and CR explains why bariatric surgeries are more effective in maintenance of lower body weight than CR.



BCAA

BCAAs, including leucine, isoleucine, and valine are essential amino acids which can be synthesized or degraded by gut bacteria. Obesity increases, while bariatric surgery decreases the circulating levels of BCAAs. Mice fed with BCAA deficient diets exhibit reduced body weight and adiposity, accompanied with reduced lipogenesis and increased lipolysis in white adipose tissue. (99–101). But another publication showed that decreased circulating BCAAs is not required for VSG induced weight loss (102). When mice fed with HFD supplemented with BCAAs were subjected to VSG surgery, sustained weight loss and improved glucose tolerance were identical to mice fed with regular HFD. Impaired BCAA catabolism by depletion of Pp2cm didn’t affect VSG induced weight loss. This study suggests that although circulating BCAAs level is reduced after VSG, it’s not the driver of VSG induced weight loss.



SCFA

SCFA produced by anaerobic intestinal microbiota has been known to be involved in the regulation of immune response and glucose and lipid metabolism. A previous study showed SCFA acetate plays an important role in regulating human adipose tissue lipolysis. Acetate can reduce phosphor-HSL level and lipolysis in human white adipocyte (103). After metabolic surgery, total level of fecal SCFAs was reduced. Among the SCFAs, acetate, propionate, and butyrate were reduced, while the branched SCFAs isobutyrate, isovalerate and isocaproic acid were increased (104). However, the effects of SCFAs on metabolic surgery induced fat mass loss still need to be elucidated.

Many other bacterial metabolites have been investigated, such as lipopolysaccharides, aromatic amino acids, and methylamines (105). More research is needed to discover the connection between bacterial metabolites and metabolic surgery. The complexity of the subject highlights the need for unbiased reporting of both positive and negative results, so that the scientific community can take advantage of all the available knowledge and take the next steps towards developing new therapies for obesity and metabolic diseases.





Adipocyte-derived exosomal miRNA

Exosomes are nanosized extracellular lipid bilayer vesicles secreted from cells which contain nucleic acids, proteins and lipids. By transferring the biological information to other cells or tissues, exosomes play key roles in intracellular communication and biological activities. Exosomes derived from adipose tissue have been linked to insulin resistance in obese individuals (106). Growing evidence indicates that adipocyte-derived exosomal miRNAs target adipose tissue and distal organs, primarily liver, to regulate metabolic gene expressions (107). Recent studies showed that after bariatric surgery, circulating exosomal miRNA derived from adipocyte significantly changed which correlated to improvements in insulin sensitivity (106). Alteration of adipocyte-derived exosomal miRNA after bariatric surgery provides a novel way to understand the underlying mechanism of the metabolic improvements caused by bariatric surgeries.



Perspective

Identifying the underlying mechanisms of metabolic surgery is an enormous endeavor. There are likely multiple mechanisms, all of them interconnected in some ways. There is still much to learn about the physiological changes after metabolic surgery. knowledge gained from studying the post-surgery changes could provide clues to how the surgery works. Gut hormones, bile acids, and gut microbiota are just some of players that are investigated. The gut microbiota influences many aspects of metabolism, but the extent to which it can influence the outcome of metabolic surgery is still being investigated. The metabolites of gut microbiota have been receiving more attention, and they may be harboring important clues for developing new therapeutics for treating obesity.

Readers may refer to Table 1 for a summary of the key references mentioned in this text, and their main findings. Figure 3 is a graphical summary of what is known about VSG, bile acids and the gut microbiota.


Table 1 | List of potential mechanisms underlying metabolic surgery, and how they are affected by the surgery.






Figure 3 |  A summary of what we know about VSG, bile acids, and gut microbiota. After VSG in mice, bile acid receptor TGR5 in the ileum and brown adipose tissue is activated, and subsequently leads to increased energy expenditure and decrease in body weight (109). Total serum bile acids is increased after VSG, and intestinal lipid uptake is decreased. The downregulation of CYP8B1 after VSG leads to a decrease the ratio of 12α-OH and non-12α-OH bile acids. Finally, the gut microbiota profile is shifted after VSG; but the precise relationship between VSG and gut microbiota needs further investigation. (Created with BioRender.com).
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CVD (n = 356) Non-CVD (n = 676) p-value
Age (years) 65.00 (567.00-72.00) 54.00 (45.00-62.50) <0.0001*
Gender, male 192 (53.93%) 357 (52.81%) 0.7313*
Duration of diabetes (years) 7.75 (2.00-12.00) 3.00 (0.00-10.00) <0.0001*
BMI (kg/m?) 24.87 (22.87-7.34) 25.24 (22.65-7.68) 0.3671*
BMI categories 0.1441*
<18.5 (underweight) 10 (2.81%) 17 (2.51)
18.5-24 (normal weight) 119 (33.43%) 235 (34.76%)
24-28 (overweight) 163 (45.79%) 267 (39.50%)
>28 (obese) 64 (17.98%) 157 (23.22%)
SBP (mmHg) 143.00 (130.00-161.00) 135.00 (122.00-150.00) <0.0001*
DBP (mmHg) 80.00 (74.00-92.00) 82.00 (74.00-90.00) 0.5446"
HoA1C (%) 8.40 (7.50-10.60) 9.75 (7.90-11.10) <0.0001*
HbAlc > 7 180 (50.56%) 374 (65.33%) 0.0227*
HoAlc < 7 37 (10.39%) 40 (5.92%)
Missing value 139 (39.05%) 262 (38.76%)
HDL-C (mmol/L) 1.08 (0.85-1.26) 1.00 (0.84-1.24) 0.5748"
<1 in males or <1.3 in females 189 (53.09%) 305 (45.12%) <0.0001*
>1in males or >1.3 in females 99 (27.81%) 148 (21.89%)
Missing value 68 (19.10%) 223 (32.99%)
LDL-C (mmol/L) 2.69 (2.09-3.26) 278 (2.25-3.44) 0.0097*
LDL-C>2.6 156 (43.54%) 279 (41.27%) <0.0001*
LDL-C < 2.6 133 (37.36%) 174 (25.74%)
Missing value 68 (19.10%) 223 (32.99%)
TG (mmol/L) 1.62 (1.09-2.22) 1.69 (1.12-2.55) 0.0391*
TG=17 132 (37.08%) 229 (33.88%) <0.0001**
TG< 1.7 156 (43.82%) 227 (33.58%)
Missing value 68 (19.10%) 220 (32.54%)
Antidiabetic drugs 292 (82.02%) 575 (85.06%) 0.2058"
Antihypertensive drugs 214 (60.11%) 199 (29.44%) <0.0001*
Lipid-lowering drugs 189 (63.09%) 199 (29.44%) <0.0001*
)

Only CAD

Only HF

Only stroke

CAD and stroke

CAD and HF

HF and stroke

CAD and stroke and HF

Data are represented as n (%), means + standard deviation, or median (interquartile range).

111 (31.18%
6 (1.69%)
139 (39.04%)
59 (16.57%)
59 (16.57%)
20 (6.62%)
19 (5.34%)

CVD, cardiovascular disease; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic biood pressure; HbATc, glycated hemoglobin; TG, triglyceride; LDL-C, low-density

lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; CAD, coronary artery disease; HF, heart failure.
*P-values for comparisons between groups derived using Wilcoxon rank-sum test. **P-values for comparisons between groups derived using chi-squared test.
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C2 (umol/L)

C3 (umol/L)

C4 (umol/L)
C4-OH (umol/L)
C4-DC (umol/L)
C5 (umol/L)
C5-OH (umol/L)
C5DC (umol/L)
C5:1 (umol/L)
C6 (umol/L)

P-values for comparisons between groups were derived using the Wilcoxon rank-sum test.

CvD

12.540 (9.118-16.275)
1.356 (0.943-1.827)
0.212 (0.160-0.290)
0.101 (0.080-0.152)
0.660 (0.518-0.860)
0.146 (0.110-0.199)
0.248 (0.188-0.353)
0.083 (0.060-0.126)
0.060 (0.047-0.082)
0.057 (0.040-0.070)

Non-CVD

11.320 (8.670-14.902)
1.378 (0.961-1.977)
0.199 (0.150-0.267)
0.108 (0.078-0.158)
0.638 (0.470-0.840)
0.150 (0.110-0.195)
0.270 (0.208-0.350)
0.080 (0.050-0.118)
0.060 (0.048-0.080)

0.0480 (0.033-0.063)

p-value

0.0035
0.2272
0.0035
0.5514
0.1236
09172
0.0081
0.1178
0.4233
<0.0001

CVD, cardiovascular disease; T2DM, type 2 diabetes mellitus; C2, acetylcamitine; C3, propionylcarnitine; C4, butyrylcarnitine; C4-OH, hydroxylbutyrylcarnitine; C4DC, succinylcamitine;
C5, isovalerylcarnitine; C5-OH, 3-hydroxyisovalerylcarnitine; C5DC, glutarylcarnitine; C5:1, tiglylcarnitine; C6, hexanoylcarnitine.
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0.910

P
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<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

P

<0.001

0.875-0.940 <0.001

0.878-0.942 <0.001

Cut-off
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OR 95%Cl p-value

Model 1

C2 > vs. <14 pmol/L 1.576 1.203-2.064 0.0009
C4 (umol/L) 3.551 1.409-8.946 0.0072
C5-OH (umol/L)

<0.22 1.638 1.181-2.270 0.0031
>0.22 to <0.30 Reference

>0.30 1.023 0.738-1.419 0.8906
C6 = vs. <0.08 pmol/L. 0.893 0.404-1.970 0.7785
Model 2

C2 = vs. <14 pmol/L. 1.558 1.124-2.169 0.0078
C4 (umol/L) 3.727 1.220-11.388 0.0210
C5-OH (umol/L)

<0.22 1.614 1.091-2.387 0.0165
>0.22 to <0.32 Reference

>0.32 1.295 0.876-1.916 0.1952
C6 > vs. <0.08 pmol/L 0.487 0.196-1.209 0.1208
Stepwise regression

C2 = vs. <14 pmol/L 1.562 1.132-2.154 0.0067

Model 1 is the univariable model. Model 2 is the multivariable model, further adjusted for age, sex, body mass index, duration of diabetes, glycated hemoglobin, systolic blood pressure,
diastolic blood pressure, triglyceride, low-density lipoprotein cholesterol, high-density lipoprotein, antidiabetic drugs, lipid-lowering drugs, and antihypertensive drugs. Values in bold are p-
values less than 0.0125 (Bonferroni = 0.05/4) for the association of acylcamitine with CVD in T2DM.

CVD, cardiovascular disease; T2DM, type 2 diabetes melliitus; C2, acetyicarnitine; C4, butyrylcarnitine; C5-OH, 3-hydroxyisovaleryicarnitine; C6, hexanoylcarnitine.
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Control PCOS P value
Number 200 200
Age (year) 30.00 (28.00-33.00) 30.00 (28.00-32.00) 0.228
BMI (kg/m2) 23.40 (21.06-25.40) 23.95 (20.84-28.28) 0.064
SBP (mmHg) 120.00 (112.00-127.75) 122.00 (113.50-132.00) 0.101
DBP (mmHg) 76.50 (70.00-81.00) 78.00 (70.50-84.00) 0.178
Prolactin (ng/mL) 10.80 (7.99-14.30) 11.00 (7.76-14.80) 0876
FSH (miU/mi) 5.97 (4.71-7.30) 5.69 (4.64-6.74) 0111
LH (miU/mi) 3.29 (2.22-4.83) 6.38 (3.73-9.89) <0.001
LH/FSH 0.55 (0.40-0.79) 1.05 (0.69-1.99) <0.001
Estradiol (omol/L) 161.00 (124.50-202.00) 170.00 (141.00-217.00) 0.086
T (nmol/l) 0.69 (0.69-0.70) 0.78 (0.69-1.40) <0.001
AND (nmol/l) 4.94 (3.47-7.21) 8.77 (5.88-12.60) <0.001
Progesterone (nmol/L) 0.98 (0.67-1.40) 0.94 (0.68-1.20) 0577
AMH (ng/mi) 2.88 (1.78-4.28) 7.40 (4.80-11.66) <0.001
AFC 11.00 (9.00-14.00) 24.00 (18.00-24.00) <0.001
FPG (mmol/L) 5.10 (4.80-5.30) 5.00 (4.70-5.40) 0415
FSI (mu/L) 6.72 (4.77-9.84) 11.20 (7.06-17.26) <0.001
HOMA-IR 1.57 (1.02-2.42) 2.44 (1.51-4.04) <0.001
T-CHO (mmol/L) 4.26 (3.79-4.81) 4.52 (4.01-5.21) <0.001
TG (mmol/L) 1.00 (0.73-1.48) 1.24 (0.87-1.83) 0.001
HDL-C (mmol/L) 1.27 (1.11-1.48) 1.26 (1.09-1.48) 0913
LDL-C (mmol/L) 2.69 (2.29-3.14) 2.95 (2.42-3.59) 0.001
Uric acid (mmol/L) 274.00 (242.00-316.00) 302.00 (254.00-357.00) <0.001
hsCRP (ng/mi) 0.16 (0.13-0.27) 0.64 (0.24-1.94) <0.001

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FSH, folicle stimulating hormone; LH, luteinizing hormone; T, total testosterone; AND,
androstenedione; AMH, anti-Mtillerian hormone; AFC, antral follicle counting; FPG, fasting plasma glucose; FSI, fasting serum insulin; HOMA-IR, homeostasis model assessment of
insulin resistance; T-CHO, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol: HDL-C, high-density lipoprotein cholesterol; hsCRP, high sensitivity C-reactive
protein. The data were represented by the median (interquartile range). Independent sample t test and the Mann-Whitney U test were used for normally and non-normally distributed

variables, respectively.
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Mechanism

GLP-1

GLP-1 and
PYY

PYY
Bile acids

FXR

FGF15

FGF19

TGR5

TGRS and bile
acids

Gut
microbiota

Gut
microbiota
Gut
microbiota
metabolites

Surgery type

RYGB and VSG
VSG with transit bipartition
VSG

VSG and RYGB
VSG and RYGB
VSG

VSG and RYGB

VSG, VSG with duodenal-
jejunal bypass, RYGB, and
adjustable gastric banding

VSG and duodenal-jejunal
bypass

VSG and RYGB
RYGB

VSG

RYGB

VSG

VSG

VSG and RYGB

RYGB

VSG

VSG

RYGB

VSG and dietary intervention

Gastric banding and RYGB

VSG and RYGB
RYGB

VSG

Study
subject

Animal
(Rat)

Animal
(Mouse)
Human
Human
Human

Animal
(Mouse)

Human

Human

Animal
(Rat)

Human
Human

Animal
(Mouse)

Human

Animal
(Rat)

Animal
(Mouse)

Animal
(Mouse)
Animal
(Mouse)

Human

Animal
(Mouse)

Animal
(Mouse)

Animal
(Mouse)

Human

Human

Human

Human

Animal
(Mouse)

Human
Human

Human
and animal
(Mouse)

Eftect

Increased

Increased

Increased
Increased
Increased

Increased

Increased

Increased: total serum bile acids.

Increased: total serum bile acids.
Increased: Taurine-conjugated bile acids.

Increased: serum secondary and conjugated bile acids.
Increased: non- 120-OH bile acids.

Increased: 120--OH bile acids.

Increased: total serum bile acids.

Increased: total serum bile acids.

No significant difference: total serum bile acids.
Increased: serum concentration of unconjugated and taurine-conjugated bile acids.

Increased: LCA in the serum.
Decreased: conjugated and unconjugated CA in the serum.

CDCA, a potent ligand for FXR, was elevated after RYGB.
Pancreatic B-cells from FXR-deficient mice did not improve in insulin secretion after
RYGB.

FXR was not required for RYGB to induce metabolic changes in mice.

FXR-deficient mice did not benefit from VSG
Liver- and intestine-FXR tissue specific knockout mice still responded to VSG.

FGF15-deficient mice lost weight but did not improve glucose tolerance after VSG

Increased at 3 days after surgeries, but decreased back to baseline at 3 months after
surgeries

Increased at 1 year after VSG and RYGB.
Mice deficient in TGRS still benefited from RYGB.

Increased; mice deficient in TGRS showed dampened response to VSG.

Mice deficient in TGR5 showed dampened response to VSG.
Mice deficient in TGR5 did not show decrease in the ratio of 12-0.-OH and non-12-0.-
OH bile acids after VSG.

Mice had increased amount of CA7S (sulfated CA) after VSG, and CA7S acted on TGR5
to induce anti-diabetic effects.

Firmicutes phylum decreased after RYGB.

After VSG, patients had increased abundance of Bacteroidetes and decreased abundance
of Firmicutes. After dietary intervention, patients had decreased abundance of
Bacteroidetes and increased abundance of Firmicutes.

Gut microbiota pattern is more associated with the particular type of weight loss
intervention than weight loss alone.

RYGB altered gut microbiota to a greater degree than gastric banding did.

The abundance of A. muciniphila was not increased in patients after gastric banding, but
it increased after RYGB. The increase in A. muciniphila was not correlated with clinical
variables of metabolic health.

VSG imposed greater alteration on gut microbiota than RYGB did.

FMT: after receiving feces from post-RYGB mice, recipient mice showed reduced body
weight and adiposity.

FMT: feces from RYGB patients were giving to non-surgical obese recipients, and the
recipients showed improved insulin sensitivity (though statistically insignificant).
Bacterial functional pathways were modified after RYGB, and most modifications
regressed at 12 months after surgery.

TAA was increased in the serum of patients after VSG. IAA administration to mice
improved NAFLD.

Reference

(18)

(19)

(24)
(20, 21)
(23)
(26)

(22)

(33)

(39)

(37)
(45)
(36)
(34)
(35)
(38)

(44)

(49)

(50)

(48)
(51)
(35)

(37)

(45)
(54)

(38)

(53)

(108)

(83)

(84)

(85)

(86)

1)

(87)

(88)

(89)

(95)

(94)
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Gut bacteria

()]

Status

T2DM ——

Proteobacteria
Bacteroidetes
R. gnavus
Escherichia/
Shigella

Prevotella copri

Prevotella copri
Bacteroides vulgatus
Streptococcus

Dorea

Prevotella copri
Bacteroides vulgatus

Streptococcus
mutans
Eggerthella lenta
Desulfovibrio spp.

Obesity

Firmicutes
Bacteroidetes
Firmicutes
Betaproteobacteria
Bacteroides
Parabacteroides

Ruminococcus
champaneliensis
Prevotella copri

Gut bacteria ()

Roseburia
Subdoligranulum

Akkermansia

Anareotruncus colihominis, Butyrivibrio
crossotus, Faecalibacterium

Roseburia

Ruminococcus

Eubacterium

Ruminococcus

Bifidobacterium, Bacteroides, Clostridium,
Eubacterium, Listeria,

Lactobacillus
Akkermansia

Akkermansia
Parabacteroides
Streptococcus
Bifidobacterium

Bacteroidetes

Butyrivibrio crossotus
Eubacterium siraeum

A. muciniphila

Akkermansia

Bacteroidetes

Turicibacteraceae
Moryella
Lachnospiraceae
Akkermansia
Ruminococcaceae
Lachnospiraceae
Ruminococcaceae
Clostridia
Christensenellaceae
Dehalobacteriaceae
SHA-98
MethanobacteriaceaeRF39
Oscillospira

Eubacterium ventriosum
Roseburia intestinalis

Bacteroides

Firmicutes species
Proteobacteria species

Meaning of symbols in the table. 1, increase; |, decrease.

Changes in metabolites
Degradation of Catalase and ribose, glycine
and tryptophan amino acid 1

Butyrate and propionate production)

Butyrate |
Mucus degradation 1

BCAAT

SCFAs]
SCFAs|

Secondary bile acids|

BCAAs?

SCFAsl

Tyrosine and butyrate production].

Sulphate reductiont
Butyrate|

Increased plasma BCAA concentrations

Imidazole 1

Promote interleukin6 (IL-6) and IL-8 secretion

SCFAL

BCAAT

SCFA

SCFAs

Acetate and butyrate]

SCFA|

LPS
Amino acids
Short-chain fatty acids|

Functional changes Reference

Peroxide stress 1 (37-40)
Inflammationt

Insulin resistance

Insulin resistance (41, 42)
Insulin sensitivity}

Appetite and body

weight]

Insulin resistance (39, 43-45)
Inflammation?

Insulin resistance (46)
— (47)
- (48)
Insulin | (49, 50)
Glucose sensitivity]

Insulin resistance (17, 51, 52)
Inflammation? (39, 40)
Glucose and energy

disorders

Insulin resistance (53)
Damage to the intestinal

mucosal barrier

Oxidative stresst (38)
Insulin resistance 1 (17, 54)
Aggravated glucose

intolerance

Impair insulin signalling (55)
Inflammatory responset (56)
Glycolipid levelst (57)
Insulin sensitivity | (58, 59)
Inflammation?

Insulin resistance (38, 60)
Insulin-resistant (61, 62)
Glucose and energy (63)
disorders

Fat accumulation (64)
Affect energy metabolism (34, 65-68)
Insulin sensitivity

Insulin resistance (69)
Inflammation?

Fat accumulation (70)
Insulin resistance (71)
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Peptide Protein Gene Name Fold Change (TMT)
ALTDMPQMR sp|P02671|FIBA_HUMAN FGA 4.024
CQVEGGAPR sp|P05362[ICAM1_HUMAN ICAM-1 1.684
QGGDLGWMTR sp|Q9Y237|PIN4_HUMAN PIN4 0.666

Fold Change (PRM)

1.37
1.21
0.78

TMT, Tandem mass tag-based liquid chromatography-tandem mass spectrometry; PRM, Parallel Reaction Monitoring; FGA,Fibrinogen alpha chain;
Molecule 1; PIN4, Peptidylprolyl Cis/Trans Isomerase, NIMA-Interacting 4.

ICAM-1, Intercellular Adhesion
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GOID

GO0:0006694

G0:0019218

GO:0010876

G0:0050810

GO:0006869

GO:0046890

G0:0008202

G0:0016125

GO:0090181

GO:1902652

GO:0019216

Description

steroid
biosynthetic
process
regulation of
steroid
metabolic
process

lipid localization

regulation of
steroid
biosynthetic
process

lipid transport

regulation of
lipid
biosynthetic
process
steroid
metabolic
process
sterol
metabolic
process
regulation of
cholesterol
metabolic
process
secondary
alcohol
metabolic
process
regulation of
lipid metabolic
process

padj

3.30E
-05

0.000985

0.001505

0.001505

0.002105

0.002105

0.002328

0.003445

0.003965

0.004082

0.0049038

Gene Name

IL1B/SCAP/NR1H4/SREBF1/HMGCR/FAXDC2/PRLR/TM7SF2/APOE/HSD11B2/ACOX2/CYP19A1/INSIG 1/FASN/
CYP11B1/LSS/BMP6/CYP1A1/DHCR24/SCD/CYP11A1/BMP2/FDXR/CYP27B1/SCARB1/WNT4/ABCB11

IL1B/SCAP/NR1H4/APOC 1/SREBF 1/HMGCR/TM7SF2/APOE/EPHX2/INSIG 1/FASN/LSS/BMP6/LDLR/SCD/BMP2/
CYP27B1/WNT4

ABCAS/IL1B/NR1H4/APOC1/ZC3H12A/IL6/LCN12/ABCA10/CLU/KCNN4/C3/SERPINAS/ATP8A2/ABCAY/
TNFAIP8L3/ATP8B3/APOE/EDN1/PRKN/SLC51A/MTTP/SPNS3/GULP1/CYP19A1/SLC27A6/SLCO1A2/
OSBPL10/PLA2G12A/FABP6/BMP6/SPNS2/LDLR/PNLIP/SCARB1/ABCA13/ABCB11/ANO9/ACSL4
IL1B/SCAP/NR1H4/SREBF1/HMGCR/TM7SF2/APOE/INSIG1/FASN/LSS/BMP6/SCD/BMP2/CYP27B1/WNT4

ABCAS/IL1B/NR1H4/APOC1/LCN12/ABCA10/CLU/KCNN4/SERPINAS/ATP8A2/ABCAY/TNFAIPSL3/ATPSBS/
APOE/EDN1/PRKN/SLC5TA/MTTP/SPNS3/GULP1/CYP19A1/SLC27A6/SLCOTA2/OSBPL10/PLA2G12A/FABP6/
BMP6/SPNS2/LDLR/PNLIP/SCARB1/ABCA13/ABCB11/ANOY/ACSL4

IL1B/SCAP/NR1H4/APOC 1/SREBF 1/HMGCR/SPHK1/C3/TM7SF2/APOE/PTGS2/INSIG 1/FASN/SMPD3/LSS/
BMP6/LDLR/SCD/BMP2/CYP27B1/SCARB1/WNT4/PDGFB

IL1B/SCAP/NR1H4/APOC 1/SREBF1/HMGCR/FAXDC2/DHRS9/PRLR/TM7SF2/APOE/HSD11B2/EPHX2/ACOX2/
CYP19A1/INSIG1/FASN/CYP11B1/LSS/BMP6/CYP1A1/DHCR24/LDLR/SCD/CYP11A1/BMP2/WWOX/FDXR/
CYP27B1/SCARB1/WNT4/ABCB11

SCAP/NR1H4/APOC1/SREBF 1/HMGCR/FAXDC2/TM7SF2/APOE/EPHX2/CYP19A1/INSIG 1/FASN/CYP11B1/LSS/
DHCR24/LDLR/SCD/CYP11A1/FDXR/SCARB1

SCAP/NR1H4/SREBF1/HMGCR/TM7SF2/APOE/EPHX2/FASN/LSS/LDLR/SCD

SCAP/NR1H4/APOC1/SREBF1/HMGCR/TM7SF2/APOE/EPHX2/INSIG 1/FASN/CYP11B1/LSS/DHCR24/LDLR/
SCD/CYP11A1/FDXR/CYP27B1/SCARBT

IL1B/SCAP/NR1H4/APOC 1/SREBF 1/HMGCR/LGALS12/SPHK1/C3/TM7SF2/TNFAIP8L3/APOE/PSAPL1/PTGS2/
EPHX2/CCR7/INSIG1/CCKBR/FASN/NPAS2/PLPP1/SMPD3/LSS/BMP6/CYP1A1/SOCS1/LDLR/SCD/MTMR2/
BMP2/CYP27B1/ANKRD1/SCARB1/WNT4/EPHAS/PDGFB
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Control (n = 6) PCOS (n=6) P-value
Age (year) 30.3 £ 4.63 29.0 + 4.94 0.6400
Body Mass Index 239+ 1.72 22.7 +1.86 0.2658
FSH (miU/ml) 6.35 £ 1.37 6.35 £1.21 0.9896
LH (mIU/mi) 3.09 £ 1.19 11.5+£5.77 0.0151
LH/FSH 0.48 +£0.13 1.94 +1.36 0.0467
Estradiol (pmol/ml) 224.58 + 146.89 219.5 + 106.6 0.9468
Testosterone (nmol/L) 0.69 + 0.03 1.90 + 0.53 0.0026
Androstenedione (nmol/L) 5.37 £ 1.94 16.4 + 2.71 1.95E-5

FSH, follicle-stimulating hormone; LH, luteinizing hormone. All data are expressed as the mean + S.E.M. Data were analyzed by two-tailed Student’s t-test.
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Target genes

Primer sequence

18S (mouse)
Cyp17at (mouse)
Cyp19at (mouse)
Amh (mouse)
Gdf9 (mouse)
Bmp15 (mouse)
Has2 (mouse)
Ptx3 (mouse)
Adamts1 (mouse)
Tnfaip6 (mouse)
Hmgcr (mouse)
Fads2 (mouse)
Fasn (mouse)
Srebf1 (mouse)
Insig1 (mouse)
Ldlr (mouse)
Acss2 (mouse)
Lss (mouse)
ACTB (human)
HMGCR (human)
FASN (human)
SREBF1 (human)
SCD (human)
INSIG1 (human)
LDLR (human)
LSS (human)
SCD5 (human)
FADS2 (human)

ACSS2 (human)

Forward 5’-GAAACGGCTACCACATCCAAGG-3’
Reverse 5'-GCCCTCCAATGGATCCTCGTTA-3'
Forward 5'-GCCCAAGTCAAAGACACCTAAT-3’
Reverse 5'-GTACCCAGGCGAAGAGAATAGA-3’
Forward 5'-ATGTTCTTGGAAATGCTGAACCC-3'
Reverse 5'-AGGACCTGGTATTGAAGACGAG-3’
Forward 5'-CCACACCTCTCTCCACTGGTA-3'
Reverse 5'-GGCACAAAGGTTCAGGGGG-3'
Forward 5’-TCTTAGTAGCCTTAGCTCTCAGG-3’
Reverse 5'-TGTCAGTCCCATCTACAGGCA-3'
Forward 5'-TCCTTGCTGACGACCCTACAT-3'
Reverse 5'-TACCTCAGGGGATAGCCTTGG-3'
Forward 5'-TGTGAGAGGTTTCTATGTGTCCT-3'
Reverse 5'-ACCGTACAGTCCAAATGAGAAGT-3'
Forward 5'-CCTGCGATCCTGCTTTGTG-3'
Reverse 5'-GGTGGGATGAAGTCCATTGTC-3
Forward 5'-CATAACAATGCTGCTATGTGCG-3’
Reverse 5'-TGTCCGGCTGCAACTTCAG-3'
Forward 5'-GGGATTCAAGAACGGGATCTTT-3'
Reverse 5'-TCAAATTCACATACGGCCTTGG-3’
Forward 5'-AGCTTGCCCGAATTGTATGTG-3'
Reverse 5'-TCTGTTGTGAACCATGTGACTTC-3'
Forward 5'-GATGGCTGCAACATGACTATGG-3'
Reverse 5'-GCTGAGGCACCCTTTAAGTGG-3'
Forward 5'-GGAGGTGGTGATAGCCGGTAT-3'
Reverse 5'-TGGGTAATCCATAGAGCCCAG-3’
Forward 5'-GCAGCCACCATCTAGCCTG-3'
Reverse 5'-CAGCAGTGAGTCTGCCTTGAT-3
Forward 5'-CACGACCACGTCTGGAACTAT-3'
Reverse 5'-TGAGAAGAGCACTAGGCTCCG-3'
Forward 5'-AGTGGCCCCGAATCATTGAC-3’
Reverse 5'-CTAACTAAACACCAGACAGAGGC-3’
Forward 5'-AAACACGCTCAGGGAAAATCA-3’
Reverse 5'-ACCGTAGATGTATCCCCCAGG-3'
Forward 5’-TCGTGGGGGACCCTATAAAAC-3'
Reverse 5'-CGTCCTCCGCTTGATAATAAGTC-3’
forward 5’-GAGCACAGAGCCTCGCCTTT-3'
reverse 5'-TCATCATCCATGGTGAGCTGG-3'
Forward 5'-TGATTGACCTTTCCAGAGCAAG-3’
Reverse 5'-CTAAAATTGCCATTCCACGAGC-3'
Forward 5'-TGATTGACCTTTCCAGAGCAAG-3’
Reverse 5'-CTAAAATTGCCATTCCACGAGC-3'
Forward 5'-CGGAACCATCTTGGCAACAGT-3'
Reverse 5'-CGCTTCTCAATGGCGTTGT-3’
Forward 5'-TTCCTACCTGCAAGTTCTACACC-3'
Reverse 5'-CCGAGCTTTGTAAGAGCGGT-3’
Forward 5'-GCCTACTGTACCCCTGTATCG-3’
Reverse 5'-TGGTTAATGCCAACAAAAACTGC-3'
Forward 5'-ACGGCGTCTCTTCCTATGACA-3’
Reverse 5'-CCCTTGGTATCCGCAACAGA-3'
Forward 5'-GTACGAGCCCGGAACATTCTT-3"
Reverse 5’-CGGCGTAGCAGTAGCTCAT-3'
Forward 5'-TGCGACGCCAAGGAAGAAAT-3'
Reverse 5'-CCTCCAGACGATGTTCTGCC-3'
Forward 5'-GACCACGGCAAGAACTCAAAG-3'
Reverse 5'-GAGGGTAGGAATCCAGCCATT-3'
Forward 5’-AAAGGAGCAACTACCAACATCTG-3'
Reverse 5'-GCTGAACTGACACACTTGGAC-3'






OPS/images/fendo.2022.815968/fendo-13-815968-g001.jpg





OPS/images/fendo.2022.815968/fendo-13-815968-g002.jpg
S SEEIIIY:





OPS/images/fendo.2022.815968/fendo-13-815968-g003.jpg
Day0 Day 2 Day4 Day6

Control

o
e
®
®

] . o
~ o+ 0n
- . o s 0 B (0 omol o o
Fai rrapes o
iy o
£ . B~
i H
L g | B
oS

of  of






OPS/images/fendo.2022.815968/fendo-13-815968-g004.jpg
Control

DHEA

ey Sxpresyin

18h after NCG. coc Oocyte

Al R
D o Conrol o DHEA

1570 Conrol o 15 pzog20s
Conlin DA P ogool #

o000 6
Feomoty opor 5 |2 o Progm®
10 g0
a lo|
05 n £os E_

00
G0 Bmpl5 Hes2  Pi3  Admsts! Tnfaiof





OPS/images/cover.jpg
& frontiers | Research Topics.

The role of bile acid (ba)
and related metabolites
and hormone abnormalities
in metabolic diseases

Eaeaby
ant Pang, Changtao Jiang, Frank Genzalez and Fang Zhongze

Published in
Frontirs in Endocrinciogy






OPS/images/fendo.2022.841703/table3.jpg
Microorganisms Relation References
Escherichia coli Produce (96)

E. coli, Bacillus spp., and Clostridium spp. Produce 97)
Clostridium sporogenes(ATCC 15579) Produce (30)
Akkermansia and Clostridium XIVa Correlation exists (16)
Peptostreptococcus anaerobius CC14N Produce (25)
Clostridium cadaveris CC88A

Clostridium cadaveris CC44 001G

Clostridium cadaveris CC40 001C

Clostridioides caloritolerans Produce (29)

Clostridioides. Botulinum
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Disease Research object

Liver fibrosis A total of 233 patients (BMI 43.1
+ 5.4 kg/m?) undergoing bariatric
surgery with detailed fiver
histology were included.

Normal fiver (n = 79),
Simple steatosis (n = 40), NASH
(n=45)

T2D Prospective analysis of 11
circulating Trp metabolites and
T2D incidence; up to 9180
participants from 5 cohorts by
meta-analysis

T2D Total 415 diabetes participants
Ifestyle (n = 209); control groups
(n=206)

T2D Two groups of individuals who

took part in the Finnish Diabetes
Prevention Study
Those who either early developed
T2D early (n = 96) or did not
develop T2D (n = 104) within the
15-year follow-up
Advanced Advanced atherosclerosis cohort
atherosclerosis  (n = 100); the control coort (n =
22) were age- and sex-matched

participants

Obesity obese adults (n = 85, BMI =
40.48); non-obese controls (n =
42, BMI = 24.03)

Obesity Atotal of 117 overweight (BMI >

24 kg/m?) aduits were
randomized into two groups. One
group was provided fried meat
four times per week (n = 59); one
group of 58 participants had no
fried meat intake (1 = 58).
Obesity Food addiction (n = 19,BMI =
35.6); No food addiction (n = 86)

ObeseT2D  Lean (n = 7); obese T2D
participants either before (n = 9)
or after RYGB surgery (1 wesk
post-surgery [1=9]; 3 months
post-surgery [n=7))

Chronic kidney The estimated glomerular filtration

disease rate (eGFR) rapid
decline 20% group (0 = 10) vs.
control group (n = 10) was
defined as having a yearly eGFR
deciine < 5%; the CKD group
(n=140) vs. the normal group
(n=144),

uc Healthy controls (n = 20);
participants with active ulcerative
colis (UC; n = 15); participants
with UC in remission (n = 20)

NA. Not Available.

Clinical trials number  Study population Sample ~Detection method

nation
NA Finland (Europe)
NA Diverse racial/ethnic

backgrounds (USA)

NCT00518167 Finland (Europe)

NCT00518167 Finland, Sweden
(Europe)

NA USA

Registration numbers France (Europe)

2010/36 and 2016/40 for
obese and non-obese
participants, respectively

ChiCTR1900028562 China (Asia)
IRB # 16-000187 USA

NA NA

IRB no. 100-2243A3 China

NA NA

Serum

Serum

Serum

Serum

Serum

Serum

Fecal

Fecal

Serum

Serum

Serum

LC-Ms

LC-MS

HPLC-QQQ-MSMS

LC-mMs

LC-MS

UHPLC-ESI-MS/MS

UPLC-MS/MS

Mass
spectroscopy

LC-MS

NA

EC-HPLC

Main research results

IPA levels were decreased in liver fibrosis compared to those
without fibrosis (o = 0.039 for al participants; p = 0.013 for 153
individuals without T2D); IPA levels negatively correlated with
lobular inflammation (o = 0.039) and fibrosis (o = 0.039); IPA
levels negatively correlated with fiorosis signaling genes, including
ITGA3, ITGAV, LAMC3, and COL1A2 mRNA

IPA levels positively associated with fiber-rich foods (p =
7.3x10%9); IPA negatively associated with T2D incidence,
(Spearman’s r = ~0.05 to 0.06); IPA showed a potential causal
relationship with T2D (genetic causality proportion = 76%, p =
1.6x1072%)

IPA levels inversely associated with incidence of diabetes during
the mean 7-year follow-up (odds ratio [confidence interval]: 0.86
[0.73-0.99], p = 0.04); positively correlated with insulin secretion
(DI30) during the mean 7 years (B = 0.10, p = 0.06; postively
correlated with dietary fiber, r = 0.24, p = 1 x 107°); inversely
associated with serum hsCRP levels (r = -0.22, p = 0.0001);
inversely associated with BMI (p = 0.001)

IPA levels inversely associated with T2D incidence (OR: 0.80
[0.70, 0.93], p = 0.003); positively corelated with insulin secretion
(B = 0.25 [0.06-0.44], p = 0.011); inversely associated with high
hsCRP levels (r = -0.23, p = 0.006); high IPA level inversely
associated with the likelhood of developing T2D during the 5-year
follow-up (OR: 0.31 [0.12- 0.76], p = 0.01)

IPA content decreases in advanced atherosclerosis and carotid
stenosis subgroups. IPA levels inversely associated with advanced
atheroscleross incidence (OR, 0.27; 95% Cl, 0.019-091; p = 02)

IPA content decreases in obesity (F[1,122] =13.89, p<0.001); IPA
levels inversely associated with BMI (data not shown); inversely
associated with serum levels Of hsCRP (B = ~0.268 0.261, p <
0.05) hsIL-6 levels (B = -0.244, P < 0.05)

IPA content decreases in fried meat group (o FOR < 0.06); IPA
levels inversely associated with insuiln resistance index (r = 0.243);
inversely associated with serum LPS levels (r = 0.243); IPA levels
inversely associated with serum TNF-a levels (r = 0.436)

IPA was inversely associated with food addiction in patients with
obesity (Cohen’s d = 0.74, p = 0.045); inversely associated with
abundance of genus Prevotella; positively correlated with
abundance of Akkermansia muciniphia and Bacteroides

IPA content decreased in fried meat group obese T2D;
unchanged 1 week after RYGB surgery; increased 3 months after
RYGB surgery

IPA content decreased in the CKD group; IPA content decreased
in patients with rapid deciine 20% group

Serum IPA was decreased by approximately 60% in participants
with active UC compared to healthy controls (o < 0.05); IPA
content returned to normal in participants with UC in remission

Reference

(13)

(39)

(21)

(12)

(14)

(40)

(36)

@1

(1

(53)

@7
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Disease Modeling IPA concentration Result Mechanism References
Liver fibrosis  LX-2 cell co-treatment with 100 yM IPA treatment with 100 M of IPA also IPA treatment reduced activation of LX-2 cels stimulated by TGF-B1; (13)
TGF-p1 significantly reduced LX-2 cell migration reduced hepatic stellate cel activation gene expression of COL1A2, aSMA,
ITGA3 mRNA
T2D Male Sprague-Dawley rats ~ Mean intake 27.3 mg/kg/  IPA was associated with a reduction in fasting ~ NA (15)
(diet not shown) day blood glucose concentration by 0.42 mM (95%
C1: 0.11-0.73; 122 = 2.78; p = 0.01); IPA
treatment reduced plasma
insuiin level (H9 = 2.26; p = 04) and the HOMA
index
(t19.=2.46;p = 02)
T2D cognitive ~ db/db mice fed with regular  Mioe were intraperitoneally ~ IPA treatment significantly attenuated cognitive  IPA has been reported to protect against AB-induced neuronal death and ©1)
decline chow and pure water injected with IPA (10 mg  deficits in diabetic mice; improved insulin restore mitochondrial function
kg/day) for 14 days sensitivity; enhanced mitochondrial biogenesis,
and protected the ultrastructure of synapses.
Obesity High-fat diet (HFD)-fed mice 20 mg kg™" po. for 4 days  IPA treatment did not change body weight; IPA treatment reduced protein expression of SLC2AS (GLUTS, faditated (@0)
significantly attenuated intestinal permeability; fructose transporter) and ALDOB
and reduced LPS levels. (fructose-1,6-bisphosphate aldolase glycolytic enzyme) in T84 cells
NAFLD Sprague-Dawiey rats; rats  Gavage with IPA 20 mg/  IPA treatment modulated the microbiota IPA induced the expression of tight junction proteins, such as ZO-1 and (17
were fed a standard chow ~ kg/day) for 8 weeks composition in the gut and inhibited microbial  occludin, and maintained intestinal epithelium homeostasis, leading to a
diet or a HFD dysbiosis in rats fed a HFD. reduction in plasma endotoxin levels. IPA inhibited NF-xB signaling and
reduced the levels of proinflammatory cytokines, such as TNFa; IL-16, and
IL-6, in response to endotoxin in macrophages to repress hepatic
inflammation and liver injury
NASH-HCC ~ Cholesterokinduced IPA (10 4M,100 uM) IPA treatment suppressed cholesterol-induced ~ NA (50)
hepatooyte cell line LO2, and lipid acoumulation in LO2 cells, and cell
NASH-HCC cell lines HKGI-2 proliferation in NAFLD-HCC cell lines (HKGI-2
and HKCI-10 and HKCI-10).
HCC Rat hepatic microsomal IPA(10,3,2,1,03,0.1,  IPAmay be used as a pharmacological agent  IPA, when used in concentrations of 10, 3, or 2 mM, increased membrane ©7)
membrane incubated with ~ 0.01 or 0.001 mM) to protect against iron-induced oxidative fluidity; IPA at concentrations of 10, 3, 2, or 1 mM completely prevented a
FeCI(3) (0.2 mM), ADP (1.7 damage to membranes and, potentially, against decrease in membrane flidity due to Fe(3+); the enhanced lipid
mM), and NADPH (0.2 mM) carcinogenesis. peroxidation due to Fe(3+) was prevented by IPA only at the highest
to induce oxidative damage concentration (10 mM)
Hyperiipidemia Male and female ICR mice  Orally administered A IPA treatment significantly reduced the body ~ IPA dose-dependently decreased the transcription of the key genes (16)
(100 mg/kg) for 60 days  weight gain in mice; decreased serum levels of  involved in fatty acid (SREBPTc and FAS) and cholesterol biosynthesis
TC, LDL-c, and TG. (SREBP2 and HMGR)
BD Nr1i2** and Nr1i2”~ mice  Mioe were gavaged with  IPA treatment significantly reduced FITG IPA Protects against indomethacin-induced intestinal injury via PXR and ©2)
using an inflammation-based 10, 20, and 40 mg/kg IPA ~ dextran permeability in Nr1i2*/* mice, but notin  TLR4
barrier defect (indomethacin)  for 4 days Nr1i2~"~, mice; IPA notably decreased TNF-a
model mRNA expression more in the Nr1i2*/* mice
(3.73-fold) intestinal epithelium refative to
Nr1i2~/~ mice (1.72-fold)
BD C57BL/6 mice were IPA 0.1 mg/ml was Serum indole and IPA levels were significantly  DSS colitic mice displayed significantly lower levels of IPA (o < 0.01); IPA- @7

NA. Not Available.

administered 2.5% (wt/vol) administered to water for  decreased in actively colitic animals (o < 0.05)
dextran sodium sulfate (DSS) 9 days

treated animals displayed significantly less reduction in colon length (o <
0.05); IPA-treated mice had decreased colonic tissue cytokine levels: IFN-y
(0<0.05), TNF-a (0 < 0.01), IL-1B 0 < 0.05) MRNA
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Country (Author & Year)

Sample size

Sequencing method

Changes of gut microbiota after cholecystectomy

Israel (Keren et al., 2015) (33)

China (Wang et al., 2018) (34)

Korea (Yoon et al., 2019) (35)

China (Ren et al., 2020) (24)

Germany (Frost et al., 2021) (3!

6)

20

135

108

104

1968

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

The diversity of microbiome is basically stable.
Phylum Bacteroidest

Family Bacteroides, Parabacteraceaet

The diversity of microbiome declined.

Phylum Actinomycetes, Firmicutest
Bacteroides, Proteobacterial

Genus Bifidobacterium, Dallella, Anaerobict
Palapuella, Prevotella, Barnesella, Alternaria,
Desulfovibrio|

The diversity of microbiome declined.

Phylum Firmicutest

Bacteroides|

Species Broutella ovale, Veillonella parvulat
The diversity of microbiome increased.
Phylum Bacteroides, Fusobacteriat
Firmicutes, Actinomycetes|

Genus Prevotellat

Faecalibacterium |

Species Bacteroides ovatus, Parabacteroides diundi,
Fusobacterium proteust

Eubacterium rectale, Roseburia faecis,
Bifidobacterium adolescentis|

The diversity of microbiome declined.

Genus Clostridium XIVa, Flavonoids, Clostridium
difficile, Escherichia, Shigellat
Faecalibacterium, Haemophilus|
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Country (Author &  Sample

Year)

China (Wang et al.,
2012) (19)

China (Wu et al.,
2013) (50)

America (Ahn et al.,
2013) (49)

America (Zackular
etal., 2014) (51)

France (Zeller et al.,
2014) (52)

Australia (Feng et al.,
2015) (53)

China (Nakatsu et al.,
2015) (46)
America (Baxter et al.,
2016) (54)

Ireland (Flemer et al.,
2017) (55)
China (Yu et al., 2017)
@7

Saudi Arabia (Alomair
et al., 2018) (56)

Japan (Yachida et al.,
2019) (58)

Italy (Thomas et al.,
2019) (57)

size

102

39

151

60

114

109

13

292

115

128

58

616

826

Sample
type

Stool

Stool

Stool

Stool

Stool

Stool

Tissue

Stool

Stool/
Tissue
Stool

Tissue

Stool

Stool

Sequencing
method

16S rRNA

16S rRNA

16S rRNA

16S rRNA

Metagenomic
sequencing

Metagenomic
sequencing
16S rRNA

16S rRNA

16S rRNA
Metagenomic
sequencing
Metagenomic
sequencing

Metagenomic
sequencing

Metagenomic
sequencing

Changes of gut microbiota after cholecystectomy

The diversity of microbiome is basically stable.

Phylum Firmicutes, Proteobacteria, Actinomycetest

Bacteroides, Fusobacteria|

Genus Porphyromonas, Escherichia, Shigella, Enterococcus, Streptococcus, Peptostreptococcust
Bacteroides, Rossella, Alternaria, Eubacteria, Trichospirillum |

The diversity of microbiome is basically stable.

Phylum Fusobacteriumt

Family Eubacteriaceae, Clostridiaceae, Staphylococcus, Enterococcus, Fusobacteria,
Campylobacter, Porphyridaceaet

Genus Bacteroides, Alternaria, Blautella, Dallella, Fusobacterium, Campylobacter, Escherichia,
Shigella, Odorbacterium, Oscillatoria, Testa Lactobacillus, Rumenococcust

Rossella, Faecalibacterium .

The diversity of microbiome declined.

Phylum Bacteroidest

Firmicutes |

Genus Porphyromonas, Fusobacterium, Mirabilist

Faecococcus, Trichospirillum |

Family Porphyridaceae, Enterobacteriaceaet

Lacetospiraceael

Genus Porphyromonas, Fusobacteriumt

Bacteroides |,

The diversity of microbiome is basically stable.

Phylum Bacteroides, Fusobacteria, Proteobacteriat

Actinomycetes, Firmicutes|

Species Saccharolytic Porphyromonas, Oral Peptostreptococcus, Fusobacterium nucleatum?t
The diversity of microbiome declined.

Genus Bacteroides, Alternaria, Bileophilus, Trichospira, Escherichia, Micromonas, Fusobacterium?
Bifidobacterium, Streptococcus, Rumenococcus |

Genus Fusobacterium, Gemini, Peptostreptococcus, Micromonas, Streptococcus granulosust
Species Bacteroides fragilist

Genus Porphyria, Peptostreptococcus, Fusobacterium, Micromonas, Prevotella, Geminit
Species Saccharolytic Porphyromonas, Fusobacterium nucleatum, Micromonas parvum, Oral
Peptostreptococcust

Genus Bacteroides, Rossella, Rumenococcus, Oscillatoria, Porphyromonas, Peptostreptococcus,
Micromonas, Fusobacterium?t

The diversity of microbiome declined.

Phylum Fusobacteria, Basidiomycotat

Species Micromonas parvum, Oral Peptostreptococcus, Fusobacterium nucleatum, Bacteroides
fragilis, Solobacterium mooreit

The diversity of microbiome is basically stable.

Genus Peptostreptococcus, Porphyromonas, Listeria, Atopobium, Burkholderia, Collins,
Comamonas, Fusobacterium?

The diversity of microbiome increased.

Phylum Firmicutes, Fusobacteria, Bacteroidest

Genus Bacteroides, Peptostreptococcust

Prevotella, Bifidobacterium.|

Species Fusobacterium nucleatum, Micromonas parvum, Streptococcus oralis, Solobacterium
‘mooreit

Phascolarctobacterium succinatutens, Desulfovibrio longreachensis, Atopobium parvulum
The diversity of microbiome increased.

Genus Peptostreptococcus, Clostridium, Porphyromonas, Escherichia colit

Bifidobacterium, Trichospirillum, Alternative Mycobacterium|

Species Fusobacterium nucleatum, Porphyromonas saccharolyticus, Micromonas parvum, Oral
Peptostreptococcus, Escherichia colit
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