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Aim: We aimed to identify the ability of serum bile acids (BAs) and unsaturated fatty acids (UFAs) profiles to predict the development
of diabetic retinopathy (DR) in type 2 diabetes mellitus (T2DM) patients.

Methods: We first used univariate and multivariate analysis to compare 15 serum BA and 11 UFA levels in healthy control (HC)
group (n = 82), T2DM patients with DR (n = 58) and T2DM patients without DR (n = 60). Forty T2DM patients were considered for
validation. Then, the receiver operating characteristic curve (ROC) and decision curve analysis were used to assess the diagnostic
value and clinical benefit of serum biomarkers alone, clinical variables alone or in combination, and the area under the curve (AUC),
integrated discrimination improvement (IDI), and net reclassification improvement (NRI) were used to further assess whether the
addition of biomarkers significantly improved the predictive ability of the model.

Results: Orthogonal partial least squares-discriminant analysis (OPLS-DA) of serum BAs and UFAs separated the three cohorts
including HC, T2DM patients with or without DR. The difference in serum BA and UFA profiles of T2DM patients with or without
DR was mainly manifested in the three metabolites of taurolithocholic acid (TLCA), tauroursodeoxycholic acid (TUDCA) and
arachidonic acid (AA). Together, they had an AUC of 0.785 (0.918 for validation cohort) for predicting DR in T2DM patients.
After adjusting for numerous confounding factors, TLCA, TUDCA, and AA were independent predictors that differentiated T2DM
with or without DR. The results of AUC, IDI, and NRI demonstrated that adding these three biomarkers to a model with clinical
variables statistically increased their predictive value and were replicated in our independent validation cohort.

Conclusion: These findings highlight the association of three metabolites, TLCA, TUDCA and AA, with DR and may indicate their
potential value in the pathogenesis of DR.
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Introduction

Diabetic retinopathy (DR) has become one of the most common microvascular complications of diabetes. A meta-
analysis showed that the global prevalence of DR has been as high as 34.6%." The incidence of DR in diabetic population
in mainland China was as high as 23.0%.> DR increased the risk of all-cause mortality, stroke, heart failure, and
depression, seriously affecting the physical and mental health of people with diabetes.>* DR is a highly specific
microvascular complication of diabetes, and long duration of diabetes, poor glycemic, lipid, blood pressure control,
the blood-retinal barrier, and epigenetic mechanisms may be involved in the development of DR.> Literature data
indicates that microvascular diabetic complications are associated with inflammation. C reactive protein based inflam-

matory markers, hemogram-derived predictor, serum uric acid, and cytokines such as neuregulin are associated with
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microvascular complications of diabetes.'®'* Bile acid (BA) and fatty acid'*'> are also associated with high burden of
inflammation. Thus, studying serum BA and unsaturated fatty acid (UFA) profiles in DR makes sense.

BAs are an amphiphilic cholesterol metabolite that promotes lipid digestion and absorption by mid-shaped micelles in the
small intestine. In addition, BAs are considered to be important enteroendocrine hormone-like signaling molecules that
regulate glucose, lipid, and energy metabolism by acting on cell membranes and nuclear receptors. A family of sodium BA
cotransporters (SLC10) that maintain enterohepatic circulation of BAs has been identified in humans.'® The adult retina also
expressed G protein-coupled BA receptor 1 (GPBAR1/TGRS5).!”' Su et al found significant differences in serum total BAs
between DR and NDR.?® However, the variation in BA composition and its role in human DR remains unclear.

Several studies have reported associations between polyunsaturated fatty acids (PUFAs) and DR, as well as the protective
effect of PUFA against DR.?' Omega-3 PUFA, an important structural component of the retina and protective, reduced the risk
of DR and was the main structural lipid of the outer segment membrane of retinal photoreceptors.”* >* The omega-3 PUFAs,
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which have anti-inflammatory effects, were thought to play
a protective role in DR development.”*** However, Biihler et al found that DR was not associated with omega-3 or —6 PUFA
levels in their cohort.”® Moreover, the results of current studies on fatty acids in DR were inconsistent, and the changes in the
levels of fatty acids in DR and the relationship between them and DR were unclear.

Regarding the relationship between BAs and fatty acids, in a double-blinded, randomized controlled trial,”” PUFA
diet decreased lipoprotein subclasses and increased serum BA level in healthy subjects with moderate hypercholester-
olemia. Omega-3 PUFA regulates the farnesoid x receptor (FXR), thereby affecting BA metabolism to alleviate
atherosclerosis and diabetes.”® The combination of EPA/DHA+ ursodeoxycholic acid (UDCA) affected the metabolism
of BAs by promoting Recombinant Cytochrome P450 7A1 (CYP7A1) gene expression and BA-induced downregulation
of caspase 3 activity.”” Robert found that short-term diet rich in alpha-octadecatrienoic acid (a-C18:3) induces an
increase in the abundance of sulfated BA which is poor substrates for the apical sodium-dependent BA transporter
(ASBT), thus affecting the passive re-absorption of BAs.>*' Moreover, the crosstalk between BAs and UFAs in the DR
remains unclear. Given the differences in BA metabolism in mice and humans,? the interactions between UFAs and BAs
still need to be further explored.

Here, we hypothesized that BAs and UFAs play an important role in the formation of DR in T2DM patients. In this
study, High Performance Liquid Chromatography (HPLC) coupled to targeted liquid chromatography with tandem mass
spectrometry (LC-MS/MS) was used to quantify 15 BAs and 11 UFAs in T2DM patients with or without DR. We
characterized the absolute concentration and composition of serum BAs and UFAs in patients with T2DM and DR and
their correlation with clinical indicators, and assessed their correlation with DR risk. Finally, we identified several
biomarkers that are highly associated with DR risk and may indicate their potential value in the pathogenesis of DR.

Materials and Methods
Patients

A total of 240 participants were included in the study according to the inclusion and exclusion criteria below. The
training cohort was divided into 82 HC, 58 T2DM patients with DR (DR group) and 60 T2DM patients without DR
(NDR group). Then, a validation cohort composed of T2DM patients with or without DR (n = 20, n = 20) was used to
validate our results. Age, sex, and BMI of the DR and NDR groups were matched well in both cohorts. All patients were
enrolled at the Second Affiliated Hospital of Nanjing Medical University, China, from Jan 2019 to Aug 2022. According
to the criteria by the World Health Organization in 1999, the diagnosis of DR in the present study was based on history of
diabetes and fundus examination.

This study was reviewed and approved by the Ethics Committee of the Second Affiliated Hospital of Nanjing Medical
University and complies with the Declaration of Helsinki. Due to the retrospective and low-risk nature of this study, the

ethics committee waived the need for written informed consent.
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Inclusion Criteria

Diabetes diagnosis was confirmed following the World Health Organization (WHO) 1999 criteria. The healthy control
cohort was selected from the medical examination centre in our hospital. DR diagnosis was based on the fundus
examination findings of the ophthalmologist. Hypertension (HT) diagnosis was based on the past medical history of
patients or presence of oral antihypertensive medication.

Exclusion Criteria

The exclusion criteria were as follows: (1) type 1 diabetes mellitus; (2) recent infection, inflammatory disorders, heart
failure, renal failure, cirrhosis, diabetic ketoacidosis; (3) malignancy or mental disorders; (4) pregnant or lactating
women; (5) presence of any other vascular retinopathy other than DR. (6) People who were reluctant to have their BA
and UFA levels tested.

Physical Examination
The height, body weight, blood pressure of right upper limb in the supine position, body mass index (BMI, kg/m?) of the
eligible patients were measured.

Laboratory Examination

Blood samples were collected after the patients fasted overnight (>8 h) on admission. Biochemical parameters, including
fasting plasma glucose (FPG), fasting insulin (FINS), Insulin 2 hours postprandial (2h-INS), fasting C-Peptide (FC-P).
C-Peptide 2 hours postprandial (2hC-P), lipoprotein A (Lpa), Glycosylated hemoglobin (HbAlc) levels, plasma alanine
aminotransferase (ALT), aspartate aminotransferase (AST), TC, triglyceride (TG), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C), Uric Acid (UA), blood urea nitrogen (BUN), serum creatinine
(SCR) and Urinary albumin to creatinine ratio (UACR) were measured. We advised all participants not to do strenuous
exercise before retaining the urine sample. Duration of diabetes was defined as the time interval from the first diagnosis
of diabetes to the current admission. Homeostasis model assessment of insulin resistance (HOMA-IR) = fasting insulin
(mlIU/L) x fasting glucose (mmol/L)/22.5.

BAs and UFAs Measurement and Classification
The peripheral blood samples of all participants were collected under fasting conditions at admission. After centrifuga-
tion, the sera were stored at —80°C and thawed until testing. Serum BAs and UFAs were analyzed using liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS, AB SCIEX Jasper TM HPLC-Triple Quad TM
4500MD).

BAs were classified into four groups based on conjugation degree,”® including

1. Unconjugated primary BAs (PBAs): cholic acid (CA) and chenodeoxycholic acid (CDCA);

2. Conjugated PBAs: glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA), taurocholic acid (TCA), and
taurochenodeoxycholic acid (TCDCA);

3. Unconjugated secondary BAs (SBAs): deoxycholic acid (DCA), ursodeoxycholic acid (UDCA), and lithocholic
acid (LCA);

4. Conjugated SBAs: glycodeoxycholic acid (GDCA), taurodeoxycholic acid (TDCA), glycolithocholic acid
(GLCA), taurolithocholic acid (TLCA), glycoursodeoxycholic acid (GUDCA), and tauroursodeoxycholic acid
(TUDCA).

UFAs were classified into three groups, including

1. Omega-3 fatty acid: alpha-octadecatrienoic acid (a-C18:3); eicosapentaenoic acid (EPA); docosahexaenoic acid
(DHA); omega-3 docosapentaenoic acid (w-3-C22:5);
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2. Omega-6 fatty acid: arachidonic acid (AA); linolenic acid (C18:2); gamma linolenic acid (y-C18:3); Omega-6
docosapentaenoic acid (m-6-C22:5);
3. Monounsaturated fatty acids: palmitoleic acid (C16:1); octadecenoicacid (C18:1); eicosaenoic acid (C20:1).

Statistical Analysis

First, the data for each group of metabolites were not normally distributed after the test of normality, so we used
a combination of univariate analysis (Kruskal-Wallis, Wilcox test and Fold Change (FC)) and multivariable analysis
(OPLS-DA). We screened potential biomarkers based on the following three conditions (the first condition is mandatory,
the second and third meet one): 1) p. adj (adjusted by FDR method) <0.05, 2) FC value >2 or <0.5, 3) and variable influence
on projection (VIP) >1. In the OPLS-DA analysis, we used 9-fold cross-validation to optimize the number of orthogonal
components, cross-validation-based metrics (R2X, R2Y, Q2Y values) and 200-fold permutation analysis to evaluate the
model. We also explored the correlation of biomarker metabolites with clinical indicators and metabolites with each other
using Spearman correlation method. Logistic regression was used to identify and verify BAs and UFAs that could predict
DR. Here, we treated the DR predictive model constructed from clinical indicators as model 1, and then built predictive
models 2 and 3, respectively, from biomarkers alone or in combination with clinical indicators. Finally, we demonstrated
that adding these biomarkers to clinical features can improve the predictive performance of the model. The biomarker and
all built models were based on the training cohort and these results were verified in a separate cohort.

The incremental effect of metabolic markers on the prediction of DR risk in patients with T2DM was assessed by
ROC curves. Statistically significant improvements in model performance were demonstrated by the values of AUC, IDI
and NRI. IDI and NRI were used to assess the differences in prediction effectiveness between models. IDI >0 and NRI
>0 represent an improvement in prediction results for the new model compared to the old model. To verify whether the
prediction model has good fitting performance and the accuracy of the prediction model, we used 1000 bootstrap
resample.

We also assessed the clinical utility and net benefit of the new predictive model using decision curve analysis. x-axis
shows the threshold probability of DR risk and y-axis represents the net benefit after treatment with the threshold
probability. The “none” and “all” lines indicate no or all DR cases, respectively. The further the model curve is from
these two lines, the greater the net return.

All values are shown as the mean + standard deviation (SD) for normal distribution of continuous variables, median
(m) + interquartile spacing for nonnormal distribution of continuous variables and frequencies for categorical variables.
The normal distribution of continuous variables was analyzed using #-test, the nonnormal distribution of continuous
variables was analyzed using a nonparametric Kruskal—Wallis test (three groups) or Wilcoxon test (two groups), and the
categorical variables were analyzed with Fisher’s exact test.

All calculations and multivariate analyses were performed using R software version 4.1.2 and SIMCA software
14.1.0. A p-value of <0.05 (two-tailed) was considered statistically significant.

Results

Clinical and Metabolic Characteristics of T2DM Patients with or Without DR

Age, gender, and BMI of each group did not show any significant statistical difference in Table S1 (p > 0.05). However,
in both the training and validation cohorts, the duration of diabetes was higher in T2DM patients with DR than in T2DM
patients without DR (Table S1) (p < 0.05). In addition, in Table S1, the use of the nine hypoglycemic agents was not
statistically different between the DR and NDR group (p > 0.05).

Univariate Analysis of BAs and UFAs Profiles in T2DM Patients with or Without DKD
Serum concentrations of 15 BAs and 11 UFAs in T2DM patients with or without DR are shown in Figure 1A, C and
Table S2. Several BAs and UFAs had significantly different levels in the DR and NDR group, including TLCA, TUDCA,
AA, C18:2, C18:1, C20:1, and 0-6-C22:5 (p < 0.05). Compared with HC or NDR, the relative abundance levels of
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Figure | Bile acids and unsaturated fatty acids distribution among Healthy Control (HC), T2DM patients, and Diabetic retinopathy (DR) patients. Serum levels of bile acids
and unsaturated fatty acids in three groups were shown in (B and D). (A and C) Wilcoxon rank sum test (*p < 0.05). B and D: Wilcoxon rank sum test (*p < 0.05) when
NDR compared with DR, +p < 0.05 when HC compared with DR, #p < 0.05 when HC compared with NDR.

TLCA and C18:1 were decreased in DR group (p < 0.05), conversely, TUDCA, AA, C18:2, C20:1, and w-6-C22:5 were
elevated (p < 0.05) (Figure 1B, D and Table S2) and FC values of the seven metabolites above are shown in Table S3.

Multivariate Analysis of BAs and UFAs Profiles in T2DM Patients with or Without DKD
First, we conducted an OPLS-DA model to find BAs and UFAs that contributed more to distinguish different groups.
Fifteen BAs and eleven UFAs were included in a multivariate analysis, and the results were projected in an OPLS-DA 3D
plot (Figure 2). The OPLS-DA score plot clearly showed the difference between the three groups: R2X = 0.468, R2Y =
0.310, and Q2Y = 0.253 (training cohort) (Figure 2A). A similar separation was observed in the multivariate analysis of
training cohort (Figure 2C). To verify that the data were not over-fitted, we performed the 200-permutation test in the
OPLS-DA model [Q2 = (0.0, —0.098), (0.0, —0.125)] (Figure 2B and D), [Q2 = (0.0, —0.109), (0.0, —0.656)] (Figure S1B
and D), since the final ordinate of Q2 was less than 0.05. Based on the conditions for screening potential differential
metabolites in statistical analysis and the results of univariate and multivariate (Table S3, Figure S2), we conclude that
TLCA (p = 0.006; FC = 0.24), TUDCA (p = 0.002; VIP = 1.55), and AA (p = 0.002; VIP = 1.07) are potential
biomarkers for distinguishing DR vs NDR.
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Figure 2 Metabolomic profiling by targeted metabolomics. (A) OPLS—DA 3D models among HC, NDR, and DR groups. R2X = 0.468, R2Y = 0.310, and Q2Y = 0.253. (B)
The 200—permutation test demonstrated no overfitting in the OPLS-DA model [Q2 = (0.0, —0.098)]. (C) OPLS—DA 3D models between NDR and DR groups. R2X = 0.404,
R2Y = 0.221, and Q2Y = 0.107. (D) The 200—permutation test demonstrated no overfitting in the OPLS-DA model [Q2 = (0.0, —0.125)].

Abbreviation: OPLS-DA, orthogonal partial least squares-discriminant analysis.

Association of Metabolites with Clinical Indicators or Metabolites with Each Other in
Three Groups

We found the strong positive correlation between BAs and UFAs in the training cohort using Spearman correlation
analysis (p < 0.05; Figure 3A). A strong correlation was found between TLCA and AA (r =—0.23, p < 0.05); TLCA and
DHA (r =-0.19, p < 0.05); TLCA and C18:2 (r = 0.18, p < 0.05); TLCA and y-C18:3 (r = 0.20, p < 0.05); TLCA and
TUDCA (r=-0.18, p < 0.05); AA and y-C18:3 (r = 0.54, p < 0.05); AA and DHA (r = 0.85, p < 0.05); AA and C18:2 (r
=0.67, p <0.05); AA and EPA (r = 0.68, p < 0.05) (Figure 3A). Compared to the HC or NDR groups, the ratios of TLCA
and y-C18:3, TLCA and DHA, TLCA and TUDCA, TLCA and AA, TLCA and C18:2 were significantly lower in the DR
(p < 0.05), and in contrast, the ratios of AA and EPA, AA and DHA were significantly higher (Figure 3B and TableS1).
We also further explored the relationship of the conjugated lithocholic acid (conLCA) and GLCA to these fatty acids and
the results were generally consistent with TLCA (Table S1 and Figure S3).

The positive correlation among AST, ALT, HOMA-IR and several UFAs (AA, y-C18:3, C18:2, DHA) was observed
in the DR and NDR groups (Figure 3C, Table S4). TLCA and FPG (r =—0.26, p = 0.006); TUDCA and Lpa (r=0.27,p =
0.003); AA and HOMA-IR (r = 0.22, p = 0.018) (Table S4 and Figure S4).
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Predictive Ability of Serum BAs and UFAs in T2DM Patients with or Without DR
Univariate and multivariate logistic analyses were performed to identify serum BAs and UFAs that can distinguish T2DM
patients with or without DR (Table 1). We performed univariate and multivariate regressions for the three potential biomarkers
and the UFAs that were strongly associated with them. After adjusting for numerous confounding factors including sex, duration
of diabetes, age, BMI, FPG, HbAlc, FC-P, TG, LDL-C, HDL-C, Lpa, UACR, SCR, anti-diabetic medication and history of
hypertension, TLCA, TUDCA, and AA were independent predictors that differentiated T2DM with or without DR.

The AUC:s for the metabolites TLCA, TUDCA and AA were 0.660 (p < 0.05), 0.694 (p < 0.05) and 0.686 (p < 0.05),
respectively, in Figure S5A, providing evidence that the levels of these metabolic biomarkers had potential predictive
capability for DR. Together, risk prediction model 2 constructed from three biomarkers including TLCA, TUDCA, AA,
had an AUC of 0.785 (95% CI: 0.704—0.866) (P < 0.05) for predicting T2DM with or without DR (Figure S5A). Then,
we built predictive model 1 constructed from clinical factors including sex, duration of diabetes, age, BMI, FPG, HbAlc,
FC-P, TG, LDL-C, HDL-C, Lpa, UACR, SCR, and model 3 consisted of the elements in model 1 and model 2 together. It
showed AUC of model 3 was higher than model 1 (0.925 vs 0.816) (p < 0.05) (Figure S5A and Table S5).Table 2 shows
that when the identified potential biomarkers were added to the predictive model consisting of the clinical indicators,

a statistically significant improvement in the predictive performance of the model was observed.
The decision curve analysis showed the apparent net benefit of potential biomarkers when combined with clinical
indicators, which demonstrated the extent of their benefit in clinical applications (Figure S5B). For example, assuming we
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Table | Univariate and Multivariate Analysis of Bile Acids and Fatty Acids for

Differentiating T2DM with or Without DR

Variable Univariate Analysis Multivariate Analysis
OR (95% CI) p value OR (95% CI) p value
TLCA 0.91 [0.80, 0.98] | 0.052 0.88[0.77,0.97] | 0.037*
TUDCA I.14[1.05, 1.26] | 0.005* 1.19[1.07, 1.35] | 0.005*
AA 1.03 [1.01, 1.06] | 0.002* 1.06 [1.03, 1.10] | <0.001%*
v-C18:3 1.16 [0.90, 1.517 | 0.260 1.58[1.09,2.38] | 0.038*
Cl8:2 1.00[1.00, 1.017 | 0.064 1.01 [1.00, 1.01] | 0.010%
DHA 1.05[1.00, 1.10] | 0.044* 1.12]1.05, 1.21] | 0.003*
Ratio
TLCA/y-C18:3 | 0.94[0.87,1.01] | 0.093 0.9210.83,0.98] | 0.018%*
TLCA/AA 0.57 [0.30, 1.06] | 0.074 0.51[0.23,0.85] | 0.021*
TLCA/CI8:2 0.00 [0.00, 0.19] | 0.073 0.00 [0.00, 0.08] | 0.030%*
TLCA/DHA 0.95[0.88, 0.99] | 0.076 0.71 [0.52,0.88] | 0.006*
TLCA/ 0.50[0.28,0.79] | 0.010%* 0.30[0.13,0.61] | 0.007*
TUDCA
AAJEPA 1.05[1.01, 1.09] | 0.0011%* 1.05 [1.01, 1.10] | 0.022%
AA/DHA 1.41[1.02,2.01] | 0.044* 1.47 [1.02,2.21] | 0.093

Notes: Multivariate Analysis adjusted sex, duration of diabetes, age, body mass index, Fasting blood
sugar, hemoglobin Alc, Fasting c-peptide, Triglycerides, Low-density lipoprotein cholesterol, high-
density lipoprotein cholesterol, lipoprotein a, Urinary protein to creatinine ratio, Serum creatinine,
anti-diabetic medication and history of hypertension. Data in asterisk and bolded are statistically
significant (*p < 0.05).

Abbreviations: T2DM, type 2 diabetes mellitus; DR, diabetic retinopathy; OR, odds ratio; ClI,
confidence interval; TLCA, taurolithocholic acid; TUDCA, tauroursodeoxycholic acid; conLCA,
conjugated lithocholic acid; AA, alpha-linoleic acid; y-C18:3, v linolenic acid; C18:2, octadecadienoic
acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.

Table 2 Discriminatory Capacity of Models with Clinical Variables Alone or with Biomarkers

Comparison Index Data Set Estimate Ci95low CI95up p value
Model 3 vs model | Difference in AUC Training 0.109 0.044 0.173 0.001*
Validation 0.198 0.062 0.333 0.004 *

NRI Training 0.982 0.667 1.296 <0.001%*

Validation 2.000 2.000 2.000 <0.001*

IDI Training 0.252 0.172 0.333 <0.001*

Validation 0.698 0.548 0.849 <0.001%*

Notes: Risk prediction model | for type 2 diabetic retinopathy constructed from clinical factors including sex, duration of diabetes, age,
body mass index, Fasting blood sugar, hemoglobin Alc, Fasting c-peptide, Triglycerides, Low-density lipoprotein cholesterol, high-density
lipoprotein cholesterol, lipoprotein a, Urinary protein to creatinine ratio, Serum creatinine. Risk prediction model 3 for type 2 diabetic
retinopathy constructed from clinical factors plus biomarker metabolites including taurolithocholic acid, tauroursodeoxycholic acid, and
Alpha-linoleic acid. Data in asterisk and bolded are statistically significant (*p < 0.05).

Abbreviations: Cl, confidence interval; AUC, area under the ROC curve; IDI, integrated discrimination improvement; NRI, net
reclassification improvement.

choose a predictive probability of 60% to diagnose DR and treat it, 35 out of 100 patients using model 3 will benefit from it
without harming others (Figure S5B).

Validation Study of Three Potential Metabolic Biomarkers
We used an independent validation cohort to demonstrate the predictive performance of the model constructed with the
training cohort. Differences of BA and UFA profiles in 3 groups in validation cohort are shown in Table S6. The OPLS-
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DA score plot showed that the metabolites separated the three groups well: R2X = 0.447, R2Y = 0.354, and Q2Y = 0.179
(Figure S1A), with better performance in two groups: R2X = 0.593, R2Y = 0.652, and Q2Y = 0.214 (Figure S1C).

The AUC values of AA, TLCA, TUDCA, Model 1, Model 2, and Model 3 were 0.724, 0.718, 0.666, 0.802, 0.918 and
1.000, respectively. In the validation cohort, similarly, model 3 had better predictive performance than model 1 (Tables
S4, S5, and Figure S5C-D). These results further confirmed that the inclusion of screened potential biomarkers improved
the predictive performance of the clinical model for DR risk in T2DM patients.

Discussion

Increasing number of studies have shown that diabetic retinopathy is not only a microvascular problem but also a predictor of
macrovascular complications, such as ischaemic coronary heart disease and stroke.* > Therefore, preventing the develop-
ment of DR is crucial. In addition, screening for potential biomarkers of DR in patients with T2DM is imperative to provide
methods for disease prediction, screening, mechanisms and exploration of therapeutic targets. The role of BAs and UFAs as
biological signalling molecules is increasingly being explored and applied by scholars. However, up now, there are no reports
of systematic analysis of serum BAs and UFAs in patients with DR.

In this study, we quantified serum BAs and UFAs in T2DM patients. Then we defined two serum BAs and one UFA
associated with DR and combined them with traditional clinical indicators to predict DR risk in T2DM patients, which,
interestingly, improved the performance of the DR risk prediction model.

Our results showed that AA and TUDCA may be capable of impairing UFAs and BAs flow and inducing DR, and
TLCA may play a protective role. However, in contrast to CA, CDCA and their conjugates, which are the major
components of BA levels, serum concentration of TLCA was very low (Figure 1 and Table S2). It is likely that TLCA
plays a key regulatory role in the development of DR in patients with T2DM. In multivariate regression analysis, we also
found that TLCA, AA, and TUDCA were all independent predictors that differentiated DR patients from NDR patients.
Our results suggested that changes in BAs and UFAs may be associated with the risk of DR in patients with T2DM,
whereas higher level of TLCA was generally protective.

BAs have been shown to reduce markers of oxidative stress damage in the retina.*® Li et al found that patients with T2DM
and obesity had significantly lower LCA species levels, especially TLCA concentrations.®” This also reflects the beneficial
role of TLCA in metabolic diseases at a certain level. The adult retina also expressed the BA receptor TGRS,'” ' and TLCA is
one of the most obvious agonists of TGRS. Interestingly, in our study, TLCA showed a decreasing trend between the three
groups and the difference was statistically significant. We speculated that TLCA species play a protective role against the
progression of DR. UDCA and TUDCA have been shown to be protective against DR in a number of animal models.** **
However, in our present human study, the role of TUDCA seems to contradict this. In our study, TUDCA was high in DR
patients and TLCA, a protective BA, was low, probably because of dysbiosis of the gut microbiota in DR patients, resulting in
the inability of specific gut microbiota to convert TUDCA to TLCA. In addition, the total BA level of DR patients was higher.
Thus, the role of TUDCA in our DR predictive model is likely driven by high overall BAs levels and does not necessarily
suggest a negative effect of TUDCA or UDCA.

Oxylipins in the retina, formed by high levels of omega-3 PUFAs, had anti-inflammatory and anti-angiogenic effects.*
G protein-coupled receptor 120 (GPR120), a receptor for omega-3 PUFAs, when activated by agonists, is involved in
stimulating potent anti-inflammatory effects by blocking the signaling of several pro-inflammatory mediators and increasing
insulin sensitivity.** The difference in omega-3 PUFAs found in our study was not very striking, possibly because omega-3
PUFAs is more prominent in its neovascularization prevention role, and since the vast majority of this controlled study was
NPDR patients, the effect of these metabolites on DR progression could not be further explored. EPA and DHA, which are
omega-3 PUFAs, prevented diabetic retinal neovascularization by inhibiting vascular endothelial growth factor-induced
endothelial cell proliferation, migration and tube formation.*>*® In order to further explore the relationship between the pro-
inflammatory AA and anti-inflammatory mediators (EPA and DHA) in DR patients, here we also explored the differences in
ratio of AA: DHA and AA: EPA between the three groups. Our results showed that AA is a risk factor for DR, but AA shows
a high positive correlation with DHA and EPA. Given that derivatives of AA produced by lipoxygenase and cytochrome p450
have been shown to be implicated with retinal pro-angiogenesis,*’ so increased AA may contribute to DR progression.
However, the relationship among AA, EPA and DHA needs to be further explored.
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Lei et al found that dihomo-y-Linolenic acid (DGLA) was highly negatively correlated with DCA species, and the ratio of
them could be used to distinguish T2DM patients with or without obesity.** This is one of the few clinical studies currently on
the relationship between BAs and UFAs in T2DM patients. In our study, the levels of TLCA were negatively correlated with
AA, ©-6-C22:5 and DHA, the reason remains unclear. AA is an important inflammatory marker of risk of metabolic
syndrome, and increased AA levels may explain the inflammatory phenotype in some DR patients. AA belongs to omega-6
PUFA. The reduction of the ratio of omega-6: omega-3 PUFA is beneficial to the regulation of intestinal homeostasis and
5.°° Guo et al found that BAs exert anti-
inflammatory effects via TGRS signaling and ameliorate high-fat diet-induced metabolic disorders in mice,”" perhaps

microbiota.** Both conjugated and unconjugated forms of LCA activated TGR

explaining the correlation between TLCA and AA, considering DR as an inflammatory disease.

Retinal neuropathy is an early event in the pathogenesis of DR, and diabetes causes structural and functional
alterations in almost all types of retinal nerve cells.”>* BAs are important signalling molecules for metabolic pathways
and their interactions with specific receptors are regulated by the gut microbiota. With a growing number of studies
linking neurodegenerative diseases to the status of the microbiota, we hypothesize that alterations in BAs may induce or
exacerbate neurodegenerative processes, particularly retinopathy. EPA-enriched phosphoethanolamine plasmalogens
alleviated atherosclerosis by remodeling gut microbiota to regulate BA metabolism in LDLR—/~Mice.”® Intestinal
FXRal overexpression protects against omega-6 PUFAs-induced accumulation of human-specific primary BAs in the
cecum.”* Although some studies have reported on the relationship between BAs and UFAs, many have been in animal
studies and there are few studies in human DR. More importantly, there were many conflicting findings and the
relationship between BAs and fatty acids still needs to be further explored.

However, our study had no information on other confounding factors that may affect the concentrations of BAs and
UFAs, such as the use of insulin and statins. Therefore, there is a need to explore the changes in BA and UFA profiles in
DR using animal models and in vitro cellular experiments. In addition, attention should be paid to the study of the
mechanism of action of TLCA in DR.

Conclusion

In summary, this is the first study on the association between BA and UFA profiles in DR risk in patients with T2DM. We
found that the risk of DR in T2DM patients was associated with disturbances in the metabolism of BAs and UFAs.
Emerging serum biomarkers help provide methods for predicting, screening, and exploring therapeutic targets for DR.

Acknowledgments
The authors thank the research volunteers for their participation in this study.

Funding
This work was supported by the scientific research projects of Jiangsu Provincial Health and Health Commission
(ZDB2020034, M2021056).

Disclosure
The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

1. Yau JW, Rogers SL, Kawasaki R, et al. Global prevalence and major risk factors of diabetic retinopathy. Diabetes Care. 2012;35:556-564.

2. Liu L, Wu X, Liu L, et al. Prevalence of diabetic retinopathy in mainland China: a meta-analysis. PLoS One. 2012;7:e45264.

3. Zhu XR, Zhang YP, Bai L, Zhang XL, Zhou JB, Yang JK. Prediction of risk of diabetic retinopathy for all-cause mortality, stroke and heart failure:
evidence from epidemiological observational studies. Medicine. 2017;96:¢5894.

4. Rees G, Xie J, Fenwick EK, et al. Association between diabetes-related eye complications and symptoms of anxiety and depression. J4MA
Ophthalmol. 2016;134:1007-1014.

5. Wong TY, Cheung CM, Larsen M, Sharma S, Sim6 R. Diabetic retinopathy. Nat Rev Dis Primers. 2016;2:16012.

6. Larroumet A, Rigo M, Lecocq M, et al. Previous dramatic reduction of HbAlc and retinopathy in Type 2 Diabetes. J Diabetes Complicat.
2020;34:107604.

2126 e Diabetes, Metabolic Syndrome and Obesity 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Feng et al

7.

o >

Takao T, Inoue K, Suka M, Yanagisawa H, Iwamoto Y. Optimal cutoff values of fasting plasma glucose (FPG) variability for detecting retinopathy
and the threshold of FPG levels for predicting the risk of retinopathy in type 2 diabetes: a longitudinal study over 27 years. Diabetes Res Clin Pract.
2018;140:228-235.

Antonetti DA, Klein R, Gardner TW. Diabetic retinopathy. N Engl J Med. 2012;366:1227-1239.

Milluzzo A, Maugeri A, Barchitta M, Sciacca L, Agodi A. Epigenetic mechanisms in type 2 diabetes retinopathy: a systematic review. Int J Mol
Sci. 2021;22:10502.

10. Bilgin S, Kurtkulagi O, Atak Tel BM, et al. Does C-reactive protein to serum Albumin Ratio correlate with diabEtic nephropathy in patients with
Type 2 dlabetes MEllitus? The CARE TIME study. Prim Care Diabetes. 2021;15:1071-1074.

11. Kocak MZ, Aktas G, Duman TT, et al. Monocyte lymphocyte ratio as a predictor of diabetic kidney injury in type 2 diabetes mellitus; The
MADKID Study. J Diabetes Metab Disord. 2020;19:997-1002.

12. Hayfron-Benjamin CF, van den Born BJ, Amoah AGB, et al. Associations of serum uric acid levels with macrovascular and renal microvascular
dysfunction among individuals from sub-Saharan Africa. JAMA Netw Open. 2021;4:¢2128985.

13. Kocak MZ, Aktas G, Atak BM, et al. Is Neuregulin-4 a predictive marker of microvascular complications in type 2 diabetes mellitus? Eur J Clin
Invest. 2020;50:¢13206.

14. Kakiyama G, Hylemon PB, Zhou H, et al. Colonic inflammation and secondary bile acids in alcoholic cirrhosis. Am J Physiol Gastrointest Liver
Physiol. 2014;306:G929-37.

15. Wu Z, Liu L, Wang W, et al. Triglyceride-glucose index in the prediction of adverse cardiovascular events in patients with premature coronary
artery disease: a retrospective cohort study. Cardiovasc Diabetol. 2022;21:142.

16. Geyer J, Fernandes CF, Doring B, et al. Cloning and molecular characterization of the orphan carrier protein Slc10a4: expression in cholinergic
neurons of the rat central nervous system. Neuroscience. 2008;152:990-1005.

17. Beli E, Yan Y, Moldovan L, et al. Restructuring of the gut microbiome by intermittent fasting prevents retinopathy and prolongs survival in db/db
mice. Diabetes. 2018;67:1867-1879.

18. Lobysheva E, Taylor CM, Marshall GR, Kisselev OG. Tauroursodeoxycholic acid binds to the G-protein site on light activated rhodopsin. Exp Eye
Res. 2018;170:51-57.

19. Murase H, Tsuruma K, Shimazawa M, Hara H. TUDCA promotes phagocytosis by retinal pigment epithelium via MerTK activation. /nvest
Ophthalmol Vis Sci. 2015;56:2511-2518.

20. Su Z, Liu W, Yang J. Association between proliferative diabetic retinopathy and serum bile acid level in patients with type 2 diabetes mellitus.
Endocr Metab Immune Disord Drug Targets. 2021;21:2063-2067.

21. Howard-Williams J, Patel P, Jelfs R, et al. Polyunsaturated fatty acids and diabetic retinopathy. Br J Ophthalmol. 1985;69:15-18.

22. SanGiovanni JP, Chew EY. The role of omega-3 long-chain polyunsaturated fatty acids in health and disease of the retina. Prog Retin Eye Res.
2005;24:87-138.

23. Sala-Vila A, Diaz-Lopez A, Valls-Pedret C, et al. Dietary Marine ®-3 fatty acids and incident sight-threatening retinopathy in middle-aged and
older individuals with type 2 diabetes: prospective investigation from the PREDIMED Trial. JAMA Ophthalmol. 2016;134:1142—1149.

24. Behl T, Kotwani A. Omega-3 fatty acids in prevention of diabetic retinopathy. J Pharm Pharmacol. 2017;69:946-954.

25. Bazan NG. Neuroprotectin D1-mediated anti-inflammatory and survival signaling in stroke, retinal degenerations, and Alzheimer’s disease. J Lipid
Res. 2009;50:S400-S405.

26. Biihler AD, Bucher F, Augustynik M, et al. Systemic confounders affecting serum measurements of omega-3 and —6 polyunsaturated fatty acids in
patients with retinal disease. BMC Ophthalmol. 2016;16:159.

27. Ulven SM, Christensen JJ, Nygéard O, et al. Using metabolic profiling and gene expression analyses to explore molecular effects of replacing
saturated fat with polyunsaturated fat-a randomized controlled dietary intervention study. 4m J Clin Nutr. 2019;109:1239-1250.

28. Lin D, Lingyu Z, Haohao S, et al. EPA-enriched ethanolamine plasmalogen alleviates atherosclerosis via mediating bile acids metabolism. J Funct
Foods. 2020;66.

29. Thérien A, Cieslak A, Verreault M, et al. Omega-3 polyunsaturated fatty acid: a pharmaco-nutraceutical approach to improve the responsiveness to
ursodeoxycholic acid. Nutrients. 2021;13:2617.

30. Robert C, Buisson C, Laugerette F, et al. Impact of rapeseed and soy lecithin on postprandial lipid metabolism, bile acid profile, and gut bacteria in
mice. Mol Nutr Food Res. 2021;65:¢2001068.

31. Alnouti Y. Bile Acid sulfation: a pathway of bile acid elimination and detoxification. Toxicol Sci. 2009;108:225-246.

32. Chiang JYL, Ferrell JM. Bile acids as metabolic regulators and nutrient sensors. Annu Rev Nutr. 2019;39:175-200.

33. Pearce I, Sim6 R, Lovestam-Adrian M, Wong DT, Evans M. Association between diabetic eye disease and other complications of diabetes:
implications for care. A systematic review. Diabetes Obes Metab. 2019;21:467-478.

34. Xie J, Ikram MK, Cotch MF, et al. Association of diabetic macular edema and proliferative diabetic retinopathy with cardiovascular disease:
a systematic review and meta-analysis. JAMA Ophthalmol. 2017;135:586-593.

35. Barthelmes J, Négele MP, Cantatore S, et al. Retinal microvascular dysfunction in patients with coronary artery disease with and without heart
failure: a continuum? Eur J Heart Fail. 2019;21:988-997.

36. Oveson BC, Iwase T, Hackett SF, et al. Constituents of bile, bilirubin and TUDCA, protect against oxidative stress-induced retinal degeneration.
J Neurochem. 2011;116(1):144—-153.

37.Li W, Liu R, Li X, et al. Saxagliptin alters bile acid profiles and yields metabolic benefits in drug-naive overweight or obese type 2 diabetes patient.
J Diabetes. 2019;11(12):982-992.

38. Kastelan S, Oreskovi¢ I, Bis¢an F, Kastelan H, Gverovi¢ Antunica A. Inflammatory and angiogenic biomarkers in diabetic retinopathy. Biochem
Med (Zagreb). 2020;30:030502.

39. Hammes HP. Pericytes and the pathogenesis of diabetic retinopathy. Horm Metab Res. 2005;37:39-43.

40. Chung YR, Choi JA, Koh JY, Yoon YH. Ursodeoxycholic acid attenuates endoplasmic reticulum stress-related retinal pericyte loss in
streptozotocin-induced diabetic mice. J Diabetes Res. 2017;2017:1763292.

41. Fu J, Aung MH, Prunty MC, et al. Tauroursodeoxycholic acid protects retinal and visual function in a mouse model of type 1 diabetes.
Pharmaceutics. 2021;13:1154.

Diabetes, Metabolic Syndrome and Obesity 2023:16 https: 2127

Dove:


https://www.dovepress.com
https://www.dovepress.com

Feng et al Dove

42.

43.
44,

45.

46.

47.

48.

49.

50.
SI.

52.

53.

54.

Oshitari T, Bikbova G, Yamamoto S. Increased expression of phosphorylated c-Jun and phosphorylated c-Jun N-terminal kinase associated with
neuronal cell death in diabetic and high glucose exposed rat retinas. Brain Res Bull. 2014;101:18-25.

Mayor S. Oily fish intake reduces risk of diabetic retinopathy, study shows. BMJ. 2016;354:14586.

Oh DY, Talukdar S, Bae EJ, et al. GPR120 is an omega-3 fatty acid receptor mediating potent anti-inflammatory and insulin-sensitizing effects.
Cell. 2010;142:687—698.

Koto T, Nagai N, Mochimaru H, et al. Eicosapentaenoic acid is anti-inflammatory in preventing choroidal neovascularization in mice. /nvest
Ophthalmol Vis Sci. 2007;48:4328-4334.

Al-Shabrawey M, Bartoli M, El-Remessy AB, et al. Inhibition of NAD(P)H oxidase activity blocks vascular endothelial growth factor over-
expression and neovascularization during ischemic retinopathy. Am J Pathol. 2005;167:599—-607.

Lin AL, Roman RJ, Regan KA, Bolch CA, Chen CJ, Iyer SSR. Eicosanoid profiles in the vitreous humor of patients with proliferative diabetic
retinopathy. Int J Mol Sci. 2020;21(20):7451.

Lei S, Huang F, Zhao A, et al. The ratio of dihomo-y-linolenic acid to deoxycholic acid species is a potential biomarker for the metabolic
abnormalities in obesity. FASEB J. 2017;31(9):3904-3912.

Warner DR, Warner JB, Hardesty JE, et al. Decreased -6:w-3 PUFA ratio attenuates ethanol-induced alterations in intestinal homeostasis,
microbiota, and liver injury. J Lipid Res. 2019;60:2034-2049.

Kawamata Y, Fujii R, Hosoya M, et al. A G protein-coupled receptor responsive to bile acids. J Biol Chem. 2003;278:9435-9440.

Guo C, Xie S, Chi Z, et al. Bile Acids Control Inflammation and Metabolic Disorder through Inhibition of NLRP3 Inflammasome. Immunity.
2016;45:802-816.

Sundstrom JM, Hernandez C, Weber SR, et al. Proteomic analysis of early diabetic retinopathy reveals mediators of neurodegenerative brain
diseases. Invest Ophthalmol Vis Sci. 2018;59:2264-2274.

Ding L, Zhang LY, Shi HH, et al. Eicosapentaenoic acid-enriched phosphoethanolamine plasmalogens alleviated atherosclerosis by remodeling gut
microbiota to regulate bile acid metabolism in LDLR-/- mice. J Agric Food Chem. 2020;68:5339—5348.

Wren SN, Donovan MG, Selmin OI, Doetschman TC, Romagnolo DF. A villin-driven Fxr transgene modulates enterohepatic bile acid homeostasis
and response to an n-6-enriched high-fat diet. /nt J Mol Sci. 2020;21:7829.

Diabetes, Metabolic Syndrome and Obesity Dove

Publish your work in this journal

Diabetes, Metabolic Syndrome and Obesity is an international, peer-reviewed open-access journal committed to the rapid publication of the
latest laboratory and clinical findings in the fields of diabetes, metabolic syndrome and obesity research. Original research, review, case reports,
hypothesis formation, expert opinion and commentaries are all considered for publication. The manuscript management system is completely
online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to
read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/diabetes-metabolic-syndrome-and-obesity-journal

2128 ﬂ ; in ﬂ Dove Diabetes, Metabolic Syndrome and Obesity 2023:16


https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Patients
	Inclusion Criteria
	Exclusion Criteria
	Physical Examination
	Laboratory Examination
	BAs and UFAs Measurement and Classification
	Statistical Analysis

	Results
	Clinical and Metabolic Characteristics of T2DM Patients with or Without DR
	Univariate Analysis of BAs and UFAs Profiles in T2DM Patients with or Without DKD
	Multivariate Analysis of BAs and UFAs Profiles in T2DM Patients with or Without DKD
	Association of Metabolites with Clinical Indicators or Metabolites with Each Other in Three Groups
	Predictive Ability of Serum BAs and UFAs in T2DM Patients with or Without DR
	Validation Study of Three Potential Metabolic Biomarkers

	Discussion
	Conclusion
	Acknowledgments
	Funding
	Disclosure

