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To investigate aqueous metabolic profiles in Vogt-Koyanagi-Harada (VKH) and Behcet’s disease (BD), we applied ultra-high-performance liquid chromatography equipped with quadrupole time-of flight mass spectrometry in aqueous humor samples collected from these patients and controls. Metabolite levels in these three groups were analyzed by univariate logistic regression. The differential metabolites were subjected to subsequent pathway analysis by MetaboAnalyst. The results showed that both partial-least squares discrimination analysis and hierarchical clustering analysis showed specific aqueous metabolite profiles when comparing VKH, BD, and controls. There were 28 differential metabolites in VKH compared to controls and 29 differential metabolites in BD compared to controls. Amino acids and fatty acids were the two most abundant categories of differential metabolites. Furthermore, pathway enrichment analysis identified several perturbed pathways, including pantothenate and CoA biosynthesis when comparing VKH with the control group, and D-arginine and D-ornithine metabolism and phenylalanine metabolism when comparing BD with the control group. Aminoacyl-tRNA biosynthesis was altered in both VKH and BD when compared to controls. Our findings suggest that amino acids metabolism as well as two fatty acids, palmitic acid and oleic acid, may be involved in the pathogenesis of BD and VKH.
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Introduction

Uveitis known as intraocular inflammation is one of the leading causes of visual impairment and blindness in the world (1, 2). Vogt-Koyanagi-Harada (VKH) disease and Behcet’s disease (BD) are two of the most commonly seen uveitis entities in China (3, 4). The incidence rate of uveitis in China is 111.3 persons per 100,000 person-years (5) and a frequency of 12.7% and 8.7% has been reported for VKH and BD in Chinese uveitis patients, respectively (4). VKH disease is a multisystemic autoimmune disease characterized by recurrent bilateral granulomatous panuveitis accompanied with systemic involvements including poliosis, alopecia, vitiligo, central nervous system, and auditory abnormalities (6). BD is recognized as an autoinflammatory disorder accompanied with recurrent uveitis, oral aphthae, genital ulcers, and typical skin lesions (7). The exact pathogenesis of both VKH disease and BD remains unclear and omics analysis may advance the understanding of these diseases.

Metabolomics is a rapidly expanding field in life science which leads to the growing interest in metabolism (8). Metabolites, serving as downstream products of transcription, translation, and post-translational protein modification, can reflect and be influenced by local physiological events (9). Therefore, a study of metabolomics could contribute to a better understanding of the pathophysiology of intraocular inflammation. Recent metabolomic studies in VKH disease or BD, using sweat or urine samples have revealed a specific metabolite profile (10, 11). Aqueous humor fills the anterior chamber of the eye and contributes to a normal intraocular homeostatic environment (12). Its composition may probably be a better reflection of local physiological changes associated with intraocular diseases than the analysis of samples obtained from peripheral sites. As far as we know, no aqueous metabolomic study has been reported for VKH or BD and this was therefore the subject of the study described here.

Liquid chromatography/mass spectrometry (LC/MS) is a commonly applied technique for untargeted metabolomics detection with robust reliability and reproducibility (13–15). In view of these features, we performed an untargeted metabolomic analysis of aqueous humor samples from VKH disease and BD patients taken during cataract surgery and compared it with samples from senile cataract controls, applying ultra-high-performance liquid chromatography equipped with quadrupole time-of flight mass spectrometry (UPLC-Q-TOF/MS).



Materials and Methods


Participants

Individuals selected for this study included 15 VKH patients, 15 BD patients, and 15 senile cataract controls. The VKH and BD patients included, had developed cataract as a complication of their uveitis. The demographic data of the cohorts were collected (16) and shown in Table 1. Criteria of an international committee and those developed by our group were used to make the diagnosis of VKH disease (17, 18). Diagnosis of BD was based on the International Study Group’s criteria (19). Patients with any unclear diagnosis were excluded from the study. We also excluded patients with other ocular condition such as optic nerve disease, macular abnormalities or diabetic retinopathy. As for controls, the exclusion criteria were subjects with uveitis and a history of any other autoimmune disease.


Table 1 | Demographic and clinical characteristics of participants.



All participants underwent cataract surgery at the First Affiliated Hospital of Chongqing Medical University (Chongqing, China) from August, 2017 to May, 2019. Our method for cataract removal in uveitis patients has been reported elsewhere (20). Signed informed consents were obtained from all enrolled participants. The study received the approval of the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University and followed the tenets of the Declaration of Helsinki.



Sample Collection and Preparation

Anterior chamber paracentesis was performed to collect approximately 200 μl of aqueous humor samples at the beginning of the cataract surgery under the sterile condition. Care was taken to avoid contamination of samples with blood or touching intraocular tissues. The specimens were stored at −80°C until UPLC-Q-TOF/MS analysis. All specimens were thawed at 4°C. To remove protein, 80 μl aqueous humor aliquots were mixed with 320 μl of cold methanol/acetonitrile (1:1, v/v) which was then centrifuged for 20 min (14,000 g, 4°C). The supernatant was dried in a vacuum centrifuge. Quality control (QC) specimens consisting of mixing with 10 μl of each sample were analyzed with other samples to monitor the repeatability and stability of instrument. The QC specimens were inserted regularly in the cohort of tested samples, which could monitor the reliability of the whole procedure.



UPLC-Q-TOF/MS Analysis

Aqueous metabolomic analyses were applied using an Agilent 1290 Infinity LC system (Agilent Technologies, Santa-Clara, California, USA) coupled with an AB SCIEX Triple TOF 6600 System (AB SCIEX, Framingham, MA, USA). For chromatographic separation, ACQUITY HSS T3 1.8 mm (2.1 mm × 100 mm) columns were used for sample analyses in both positive and negative modes. The column temperature was set at 25°C. The mobile phase was set as follows: A = 25 mM ammonium acetate and 25 mM ammonium hydroxide in water, and B = acetonitrile. The elution procedure was set as follows. After keeping for 0.5 min, the gradient of 95% B was linearly reduced to 65% in 6.5 min. Then it was decreased to 40% in 1 min. After keeping 40% B for 1 min, it was increased to 95% in 10 s. A 3-min re-equilibration period was employed in the procedure. The delivery flow rate was set at 300 μl/min, and 2 μl aqueous specimen was injected into the column.

UPLC-Q-TOF/MS was conducted in both positive and negative ion modes. Electrospray ionization source conditions were set as Ion Source Gas1 = 60 psi, Ion Source Gas2 = 60 psi, curtain gas = 30 psi, source temperature = 600°C, and IonSpray Voltage Floating = 5500 V (+) and −5500 V (−). The MS/MS spectra were obtained by using information dependent acquisition (IDA) coupled with the selected high sensitivity mode. The parameters were set as the collision energy = 50 eV (+) and −20 eV (−), declustering potential = 60 V (+), and −60 V (−), excluding isotopes within 4 Da, and candidate ions to monitor per cycle = 6.



Metabolomics Data Processing

The raw UPLC-Q-TOF/MS data were converted to MzXML files using Proteo Wizard MSconverter, and then imported with XCMS online software for data processing (https://xcmsonline.scripps.edu/landing_page.php?pgcontent=mainPage). The parameters including peak picking, retention time, and peak grouping were aligned by XCMS. We completed compound identification of metabolites by comparing the accuracy m/z value (<25 ppm) and MS/MS spectra. After being normalized, the processed data were uploaded into SIMCA-P (version 14.1, Umetrics, Umea, Sweden) for multivariate data analysis. Then we conducted principal component analysis (PCA) and partial least square discriminant analysis (PLS-DA) to acquire an overview of the metabolomics data in both positive and negative models. The contribution of each metabolite was calculated from the PLS-DA model and expressed as variable importance in the projection (VIP) score. To evaluate the significance of metabolites, those metabolites with a VIP score >1 were analyzed statistically with Student’s t-test. We performed the Benjamini–Hochberg procedure for multiple testing adjustments, whereby the critical false discovery rate (FDR) was set to 0.05. The Human Metabolome Database (HMDB) (https://hmdb.ca/) was used to define the classes of metabolites.



Bioinformatics Analysis

Venny software version 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/) was used to generate a Venn diagram which could directly show the common and unique differential metabolites among the three groups. Multi Experiment Viewer (MeV) software version 4.9.0 was applied for the heat plot and hierarchical cluster analysis of metabolites. A Volcano plot was made with Graphpad Prism 7.0. MetaboAnalyst (https://www.metaboanalyst.ca/), an open database source, was used to identify metabolic pathways and to perform pathway enrichment analysis.



Statistical Analysis

Statistical analysis of the data was performed using SPSS 22.0. Results are presented as the mean ± standard deviation (SD) for continuous variables. Normality was assessed by the Shapiro-Wilk test and p > 0.05 referred to normally distributed data. Student’s t-test, Variance (ANOVA), Fisher’s exact test and the Pearson chi-square test were used where appropriate. Age was adjusted by univariate logistic regression analysis to reduce bias. A p value less than 0.05 was considered as statistically significant.




Results


Characteristics of Study Participants

A total of 45 participants were enrolled in the study, including 15 VKH subjects (male/female: 8/7), 15 BD subjects (male/female: 9/6), and 15 senile cataract controls (male/female: 6/9) (Table 1). No significant differences were present with regards to sex and IOP among the groups (p = 0.54 and p = 0.13, respectively). All the 30 uveitis patients were on treatment with systemic corticosteroids, without additional biologic agents. The number of VKH patients receiving immunosuppressants (15/15, 100%) was similar to that in the BD group (13/15, 86.57%). Overall, the treatment regimens did not vary between the BD and VKH groups.



Aqueous Metabolomics in VKH, BD, and Controls

To identify the aqueous metabolic profiles among the three groups tested, aqueous humor specimens were applied for untargeted metabolomics analysis. The total ion chromatograms are shown in Figure S1. Only slight changes of the spectral peaks of the QC samples were found, indicating that the method showed a satisfactory reproducibility. A total of 14,592 positive-model signals and 10,985 negative-model signals were detected in this study after signal filtering and peak alignment. After pareto scaling of the data, PCA models showed that the QC samples were tightly clustered in both positive and negative modes (Figure S2), which also suggests the high reproducibility of the method and credibility of the data. PLS-DA plots were performed to characterize the metabolic profiles for both positive and negative modes, and revealed clear differences when comparing VKH vs. control, BD vs. control, and VKH vs. BD (Figure 1).




Figure 1 | Partial least square discriminant analysis (PLS-DA) for any two of the three groups. PLS-DA plots for Vogt-Koyanagi-Harada disease (VKH) versus senile cataract controls separation in positive mode (A) and negative mode (B); PLS-DA plots for VKH disease and Behcet’s disease (BD) separation in positive mode (C) and negative mode (D); PLS-DA plots for BD and senile cataract controls separation in positive mode (E) and negative mode (F).





Differentially Expressed Metabolites Were Identified Between Groups

Metabolites with a VIP > 1 were filtered to perform Student’s t-test. The results were adjusted with FDR < 0.05 for multiple comparisons. To identify differentially expressed metabolites for subsequent analysis, we further raised the criteria to a VIP > 1.5. In total, 84 metabolites with a VIP > 1.5 and p < 0.05 (FDR corrected) were considered as differentially expressed between the groups (Table S1). HMDB was used to gain the classes of the 84 metabolites. It was found that amino acids and fatty acids were the two categories with the most abundant differential metabolites. As shown in Figure S3, 64 metabolites for VKH vs. control and 65 metabolites for BD vs. control showed significant differences. We found 27 differentially expressed metabolites between VKH and BD (data not shown). However, the significance was lost after FDR correction. The volcano plots were made to describe the variation tendencies of metabolites for VKH vs. control and BD vs. control (Figure S4).

To further investigate metabolites that could differentiate a group of patients from the other participants, we conducted univariate logistic regression analysis (Table 2). There were 41 differential metabolites between the groups after adjustment (Figure 2). There were 28 and 29 significantly differential metabolites for VKH vs. control and BD vs. control, respectively (Figure 3). Among them, nine amino acids and two fatty acids were overlapping differential metabolites. Palmitic acid and oleic acid levels, the two long-chain fatty acids, were significantly elevated in both VKH and BD compared to controls. Except for N-acetylhistidine, the other eight amino acids were significantly increased in both VKH and BD compared to controls, including asymmetric dimethylarginine, L-lysine, D-ornithine, D-pipecolic acid, L-methionine, creatinine, L-pipecolic acid, and gamma-Glutamyllysine. L-histidine, ornithine, and L-valine were differential amino acids when VKH patients were compared with controls. L-phenylalanine, D-arginine, N-acetyl-L-aspartic acid, L-alanine, arginyl-cysteine, and L-arginine were differential amino acids for BD vs. controls.


Table 2 | Results of univariate logistic regression analysis comparing the differential metabolites levels of patients to those of controls.







Figure 2 | Heat plot of the significantly differential metabolites among three groups. VKH, Vogt-Koyanagi-Harada disease; BD, Behcet’s disease.






Figure 3 | Venn diagram of metabolites after logistic regression analyses adjusting which significantly differed in comparisons between VKH disease, BD, and control groups. VKH, Vogt-Koyanagi-Harada disease; BD, Behcet’s disease.





Pathway Analysis of Differential Aqueous Metabolites

Subsequently, MetaboAnalyst was used to compare metabolic disturbances between VKH, BD, and the control groups (Figure 4). There were two metabolic pathways that were significantly perturbed when comparing VKH patients with controls, and three pathways when comparing BD patients with controls (Table 3). The aminoacyl-tRNA biosynthesis pathway was significantly altered in both VKH and BD as compared to controls. In addition, we found significant differences in pantothenate and coenzyme A (CoA) biosynthesis for VKH vs. control, and in D-arginine and D-ornithine metabolism and phenylalanine metabolism for BD vs. control.




Figure 4 | Pathway analysis of the differential metabolites in Vogt-Koyanagi-Harada disease group (A) and Behcet’s disease group (B). The significantly perturbed pathways were in red rectangle.




Table 3 | The significantly altered pathways in Vogt-Koyanagi-Harada disease and Behcet’s disease.






Discussion

In the present study, we found that aqueous humor from VKH and BD patients showed distinct metabolic profiles compared to senile cataract controls. After correction, 28 and 29 metabolites were differentially expressed for VKH vs. control and BD vs. control, respectively. Amino acids and fatty acids were the two most abundant differential metabolite categories. Also, significant alterations were found in several metabolic pathways, including aminoacyl-tRNA biosynthesis, pantothenate and CoA biosynthesis, D-arginine and D-ornithine metabolism and phenylalanine metabolism. Experimental verification is needed to validate the role of the pathways identified in this clinical study in the pathogenesis of uveitis. There are very good animal models of autoimmune uveitis (21–23) and further studies are planned to confirm our clinical findings in these models.

Fatty acids are of great importance for immune regulation and may contribute to the development of some autoimmune diseases (24–27). Previous studies have shown that serum oleic acid level and urine palmitic acid and oleic acid levels were significantly higher in BD (11, 28). Moreover, our recent studies in VKH disease identified that sweat palmitic acid level (10) and serum oleic acid level (unpublished data) were increased in VKH. In the current study aqueous palmitic acid and oleic acid levels were significantly higher in VKH and BD compared to controls. The elevated intraocular and peripheral levels of both palmitic acid and oleic acid levels observed in VKH and BD indicates that they may play an important role in the pathophysiology of uveitis. Further studies are needed to investigate the functions of these two fatty acids and their association in the pathogenesis of uveitis.

Amino acids are important protein building stones but can also play a role in the functioning of the immune system (29). It was reported that glutamine metabolism had a distinct role to promote Th17 cells but constrained Th1 cell differentiation (30). Moreover, alanine was recently found to be essential for early T cell activation and deprivation of it might impair T cell effector functions (31). Previous metabolic profiling of aqueous humor obtained from acute anterior uveitis and Posner–Schlossman syndrome patients showed differences concerning amino acid metabolism (32, 33). Our previous metabolomics study of sweat also revealed an important role for amino acid metabolism in the pathogenesis of VKH disease (10). In our present study, we found 12 and 15 amino acids were differentially expressed in VKH vs. control and BD vs. control, respectively. When compared to controls, D-arginine, D-ornithine, and L-phenylalanine, as well as its catabolite phenylacetic acid were significantly increased in BD patients, suggesting a possible role for the pathways regulating these specific amino acids in the pathogenesis of BD. Several studies have reported that the pantothenate and CoA biosynthesis pathway is associated with amino acid metabolism, whereby branched-chain amino acids provide CoA derivatives to enter the tricarboxylic acid cycle (29, 34, 35). The involvement of pantothenate and CoA biosynthesis was evident from a decrease in L-valine and increase in uracil that we observed in VKH compared to controls.

Another interesting finding from our current study came from the analysis of Aminoacyl-tRNAs, which are the essential substrates that transport specific amino acids to incorporate them into the polypeptide chain produced during translation (36, 37). The aminoacyl-tRNA biosynthesis pathway is associated with various diseases, including several autoimmune diseases (38–40). Of interest is our finding that the most significant pathway in our study was aminoacyl-tRNA biosynthesis which involved L-Histidine, L-Methionine, L-Lysine and L-Valine for VKH, and L-Phenylalanine, L-Arginine, L-Methionine, L-Alanine, L-Lysine and L-Tryptophan for BD. Both VKH disease and BD showed an increase of L-Methionine and L-Lysine and the involvement of the associated aminoacyl-tRNA biosynthesis pathway (Figure 3). Therefore, we speculated that these two uveitis entities might share metabolic regulation pathways. Although these two uveitis entities show very specific features, they could be driven by common immunopathological mechanisms (41, 42).

There are several limitations in the current study. First, for ethical reasons, we used aqueous humor samples obtained during cataract surgery. Prior to cataract surgery for uveitis, the inflammation in these eyes has to be controlled and patients enrolled in our study are therefore in an inactive state. Despite this limitation, we do believe that the data are interesting because the composition of the aqueous humor can reflect the status of the basic intraocular environment in a uveitis patient. Second, the sample size used in our study may seem small, but aqueous humor is not easily accessible like serum or urine. In view of ethical considerations and current practice in our hospital, we only collected aqueous humor when the patient was undergoing an operation to remove a cataract from their eyes. These operations are not very frequently done and it therefore took us quite some time to collect the desired number of samples from these two well-defined uveitis entities. Most aqueous metabolomics studies in the field of ophthalmology consist of less than 30 samples in each group (32, 33). The relatively small sample size might limit the finding of other differentially expressed metabolites. This may explain why the significance of differential metabolites was lost when comparing VKH with BD. Both entities are very different from each other, both from a clinical and a pathological perspective (6). A larger population is therefore needed to validate the results in future. Third, patients enrolled in our study were still on treatment with a low dose of systemic corticosteroids and immunosuppressants and we cannot exclude an effect of treatment on our findings. It is not ethical to terminate therapy in these patients for the mere purpose of research. On the other hand our data are different from those reported in an earlier study on glucocorticoid-induced metabolome changes (43), and are in agreement with metabolic studies in uveitis (10, 11). Our control group consisted of senile cataract patients whose age is inevitable older than our uveitis patients, but again, it is not ethically justified to collect aqueous samples from age matched healthy controls. In view of this limitation, we used a univariate logistic regression analysis to adjust for age. Using an age-stratified analysis we found no significant differences for the 41 differential metabolites between the different age groups (Table S2). In our study we set the accuracy m/z value at 25 ppm, although a more strict setting of 10 ppm might also have been used. Many previous reports in this field use a setting of 25 ppm (10, 44). We believe that several metabolites might have been missed if one would use a smaller accuracy m/z value.

In summary, we found specific aqueous metabolic profiles for VKH disease and BD. Differential amino acid and fatty acid expression in aqueous humor could play important roles in the pathogenesis of the intraocular inflammation in these two diseases. We further provide evidence for a possible role of the aminoacyl-tRNA biosynthesis pathway in uveitis. Further research is needed to investigate the exact role of these metabolites and relevant metabolic pathways in the diagnosis and treatment of VKH disease and BD.
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