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1. Introduction 
Cataract (CAT), a high-incidence visual disorder among 

middle-aged and elderly people, is caused by lens protein 
degeneration and opacity and is also the disease with the 
highest blinding rate at present [1]. According to statis-
tics, the global incidence of CAT is as high as 20-21.5% in 
people over 60 years old and climbs to 40% in those aged 
over 70 [2]. Retinal vein occlusion (RVO) is an extremely 
important pathological process in the blinding process of 
CAT, with branch RVO (BRVO) being the most common, 
which is mainly caused by obstruction of ocular venous 
return due to blood hypercoagulability and dyslipidemia 
[3]. At present, approximately 40-60% of CAT patients 
are complicated by RVO, which not only accelerates the 
blinding process of patients, but also greatly increases the 
difficulty of clinical treatment [4]. Therefore, an in-depth 
understanding of the pathogenesis of CAT complicated by 
BRVO is also the key to ensuring the prognosis and vision 
health of patients.

In recent years, the study of pathogenic mechanisms 
from the molecular perspective has gradually become a 
hotspot in clinical research [5]. Metabolomics, proposed 
by Professor Jeremy Nicholson of Imperial College Lon-

don, UK at the end of last century, is a science that studies 
the types, quantities, and changing rules of metabolites 
(endogenous metabolites) with molecular weight less than 
1500Da caused by external stimuli, pathophysiological 
changes, and gene mutation of living organisms [6]. Me-
tabolomics is a new "omics" after genomics, transcripto-
mics, and proteomics. As an extension of transcriptomics 
and proteomics, metabolomics can directly and accu-
rately reflect the physiological state of organisms and is 
an important part of systems biology [7]. Metabolomics 
analysis may reveal the potential pathogenesis of diseases 
by exploring the unique metabolites and comprehensive 
metabolic status, which is considered to be a new direction 
in the future medical field [8]. In CAT, metabolomics ana-
lysis has also been carried out, and its products have been 
confirmed to be closely related to the occurrence and deve-
lopment of CAT [9]. However, there are currently still few 
metabolomics analyses of CAT complicated by BRVO.

Therefore, this study conducts metabolomics analysis 
of aqueous humor (AH) samples from patients with CAT 
complicated by BRVO, to further understand the pathoge-
nesis of CAT+BRVO to better help the clinical diagnosis 
and treatment of the disease.
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2. Materials and methods
2.1. Study subjects

Thirty patients with CAT admitted to our hospital from 
January 2023 to August 2023 were included, 15 of which 
had concurrent BRVO and the other 15 had simple CAT. 
The hospital's ethics committee approved this study, and 
informed consent was obtained from all subjects.

2.2. Eligibility and exclusion criteria
The inclusion criteria were the presence of CAT clini-

cal manifestations [10], confirmed diagnosis of CAT by 
slit-lamp microscopy (those complicated by BRVO were 
further confirmed by angiography), age 18 to 70 years, 
and complete medical records. The exclusion criteria were 
the presence of other ocular diseases (diabetic retinopathy, 
pterygium, etc.), history of eye surgery or trauma, corneal 
dysfunction, pre-admission treatment with non-steroidal 
anti-inflammatory drugs and steroid drugs, organic di-
seases, and malignant tumors.

2.3. Sample collection
In BRVO patients, the atrial fluid was taken prior to 

the injection of medication into the vitreous cavity, and in 
CAT patients, the atrial fluid was taken prior to intraocular 
lens implantation. Paracentesis of the anterior chamber at 
the 3- or 9-o'clock position was performed to collect about 
0.1 mL of AH into a sterile tube and stored in a refrigerator 
at -20℃.

2.4. Sample extraction
After the sample was slowly thawed at 4℃, a proper 

amount of it was added into precooled methanol/acetoni-
trile/aqueous solution (2:2:1, v/v) for vortex mixing. After 
ultrasonic treatment at a low temperature for 30min and 
standing at -20℃ for 10 min, the sample was centrifuged 
for 20 min (14000 g, 4℃), and the supernatant was taken 
for vacuum drying. During mass spectrometry, 100μL of 
acetonitrile aqueous solution (acetonitrile:water=1:1, v/v) 
was added for redissolution, vortex mixing, and the sub-
sequent centrifugation at 4℃ for 15 min, and the superna-
tant was collected for analysis.

2.5. Metabolomics analysis
Metabolomics analysis was carried out using an Abso-

luteIDQ p180 kit (Biocrates Life Sciences AG, Innsbruck, 
Austria) and an AB 6500+ QTRAP mass spectrometer (AB 
SCIEX). The kit can quantify 188 different endogenous 
molecules, such as free carnitine (C0), 39 kinds of acyl-
carnitines (C), hexoses (H1), 21 kinds of amino acids, 
21 kinds of biogenic amines, and 105 kinds of lipids. A 
complete list of individual metabolites can be obtained 
in an open database (http://www.biocrates.com/products/
research-products/absoluteidq-p180-ki). Electron spray 
ionization (ESI) condition: source temperature: 580℃, ion 
source gas 1 (GS1): 45, ion source gas 2 (GS2): 60, curtain 
gas (CUR): 35, ion spray voltage (IS): +4500 V or -4500 V 
in positive or negative modes, respectively. The multiple 
reaction monitoring (MRM) mode was used.

2.6. Statistical analyses
Univariate analysis of clinical data was performed 

using a two-tailed Student's t-test, with P<0.05 as the 
threshold of statistical significance. Prior to statistical ana-
lysis, raw metabolomics data were examined to exclude 

metabolites with concentrations below the lower limit of 
quantification (LLOQ) or above the upper limit of quanti-
fication (ULOQ) by 20%. The MRM raw data were extrac-
ted using MultiQuant to obtain the ratio of the peak area of 
each substance to the target peak area, and the content was 
calculated according to the standard curve.

3. Results
3.1. Principal component analysis (PCA)

The PCA plot of the metabolomics data did not indi-
cate any grouping according to POAG or control groups, 
nor did it show any strong outliers in the first principal 
plot (PC1 vs. PC2). The high intra-group aggregation and 
significant inter-group separation indicated the reliability 
of the model and significant inter-group differences. After 
being corrected by the partial least squares discrimination 
analysis (PLS-DA) or the orthogonal partial least squares 
discriminant analysis (OPLS-DA), the Q2 of the model was 
within the range of 0.3<Q2≤0.5, suggesting high reliabili-
ty. Meanwhile, according to the permutation test graph of 
the OPLS-DA model, the R2 and Q2 of the random model 
reduced gradually with the gradual decrease of permuta-
tion retention, indicating the absence of over-fitting of the 
original model and the robustness of the model (Figure 1).

3.2. Metabolomics analysis
AH samples from patients were tested and analyzed 

and 319 metabolites were identified (supplementary Tab. 
1), which were then classified and counted according to 
their chemical taxonomy attribution information. The 
quantities of various metabolites are shown in Figure 2. 
Among them, a great number of metabolites belonged to 
the categories of carboxylic acids and derivatives, fatty 
acyls, and organooxygen compounds.

Fig. 1. Principal component analysis (PAC) results. (A) PCA score. 
(B) PLS-DA score. (C) OPLS-DA score. The abscissa t[1] repre-
sents principal component 1, the ordinate t[2] represents principal 
component 2, and the ellipse represents the 95% confidence interval 
(95%CI). The dots of the same color represent various biological 
replicates within the group, and the distribution of the dots reflects 
the inter- and intra-group differences. (D) OPLS-DA permutation test. 
The abscissa represents the permutation retention, and the ordinate 
represents the values of R2 and Q2. The green dot represents R2, the 
blue dot represents Q2, and the two dashed lines represent the regres-
sion lines of R2 and Q2, respectively.
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belonging to carboxylic acids and derivatives and fatty 
acyls are the key factors affecting BRVO in CAT patients. 
Among them, the compounds produced by the substitu-
tion of hydroxyl groups in carboxylic acid molecules by 
other atoms or atomic groups such as halogens and amino 
groups are called carboxylic acids and derivatives, inclu-
ding acid halides, anhydrides, esters, amides, etc. [15]. As 
is well known, glutamate amino acids are related to vision 
in the tricarboxylic acid cycle. The tricarboxylic acid cycle 
is a ubiquitous metabolic pathway in aerobic organisms, 
distributed in the cytoplasm in prokaryotes and mitochon-
dria in eukaryotes, with organic acids containing three 
carboxyl groups being the main intermediate metabolites 
in this cycle [16]. Therefore, the relationship between car-
boxylic acids and derivatives and BRVO+CAT can also 

3.3. Analysis of inter-group differences
P<0.0 was used as the screening criterion for differen-

tially expressed metabolites. The volcano plot (Figure 3A) 
was used for visualization. 3-methylhistidine and biliver-
din, which were up-regulated, as well as the down-regu-
lated beta-glycerophosphoric acid, were the most typical 
metabolites (Figure 3).

3.4. Bioinformatics analysis of differentially expressed 
metabolites

Cluster analysis results, shown in Figure 4A, indicate 
that all metabolites have similar expression patterns. Most 
metabolites were positively correlated with AH in patients 
with CAT or CAT+BRVO, with tricosanoic acid showing 
the most significant correlation (r=0.58).

3.5. Enrichment analysis
According to KEGG pathway enrichment analysis, the 

keyword with the highest involvement in the differentially 
expressed metabolites was biosynthesis of unsaturated 
fatty acids, followed by synaptic vesicle cycle (Figure 5).

4. Discussion
Metabolites, as intermediates of biological reactions 

and activities, play an important role in connecting various 
cellular pathways and communication between different 
systems [11]. In layman's terms, genes determine what is 
likely to happen, and metabolites represent what is happe-
ning [12]. Therefore, the level of metabolites represents a 
comprehensive picture of the phenotype of a cell or tissue 
in response to genetic or environmental changes, and is 
the result of the interaction between an organism's internal 
activities (e.g., gene expression, protein activity, cell meta-
bolism) and external factors (diet, health status, lifestyle, 
gut microbes, drugs, etc.) [13]. Metabolomics identifies 
metabolites and metabolic pathways that are closer to phe-
notype than many other omics techniques, as it detects the 
end product of gene expression, so it is considered a more 
sensitive method for measuring biological phenotype and 
can more accurately reflect changes in the biological beha-
vior of organs, cells, and tissues [14].

In this study, metabolomics analysis was carried out 
on AH samples from patients with CAT and those with 
CAT+BRVO. It was found that most of the 319 metabo-
lites identified fell into the categories of carboxylic acids 
and derivatives and fatty acyls. The PCA was highly re-
liable after verification, indicating that the metabolites 

Fig. 2. Quantity statistics of identified metabolites by chemical taxo-
nomy.

Fig. 3. Analysis of inter-group differences. (A) Volcano plot. The 
non-significantly different metabolites are black. (B) Fold change 
analysis of differentially expressed metabolites. Red indicates up-
regulation and green indicates down-regulation of the differentially 
expressed metabolites.

Fig. 4. Bioinformatics analysis of differentially expressed metabo-
lites. (A) Cluster analysis results of differentially expressed metabo-
lites. (B) Correlation analysis.

Fig. 5. KEGG pathway enrichment analysis.
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be expected. Fatty acyls, widely found in organisms, are 
the major component of biofilms and participate in various 
cellular metabolism processes. In living organisms, fatty 
acid acyls can combine with glycerol to form triacylgly-
cerol, which is stored in fat cells as energy reserves [17]. 
Clinically, BRVO formation is believed to be primarily 
caused by increased blood viscosity, elevated platelet 
count, and increased platelet agglutination [18]. There-
fore, we speculated that the high proportion of fatty acyls 
may be caused by the massive accumulation of lipid cells 
in AH. In addition, organooxygen compounds are also one 
of the non-negligible metabolites in CAT+BRVO, accoun-
ting for the second largest proportion after fatty acyls, but 
showing significant differences with organonitrogen com-
pounds, which account for the fourth largest proportion. 
Oxidative damage and stress reaction following BRVO 
are the main causes of visual dysfunction in patients and 
the key factors that promote the intensification of inflam-
mation. The relationship between oxidative stress injury 
and BRVO has been repeatedly verified clinically [19, 20], 
so this paper will not elaborate too much. Therefore, the 
increase in the proportion of organooxygen compounds in 
the AH of patients with CAT+BRVO is in line with the 
pathological manifestations. In the previous full-spectrum 
metabolomics analysis of CAT, glutamate accounts for the 
highest proportion and is considered to be the most impor-
tant metabolite [21]. In this study, however, the proportion 
of glutamic acid in AH of CAT+BRVO patients was not 
significant, which may be due to the fact that glutamic acid 
is mainly related to the metabolic capacity of the lens [22], 
while the occurrence of BRVO has no significant relation-
ship with the metabolism of the lens.

Through further analysis, we found that 3-methylhis-
tidine and biliverdin were up-regulated in AH in patients 
with CAT+BRVO, while beta-glycerophosphoric acid was 
down-regulated. Of them, 3-methylhistidine is a non-argi-
nine residue, which belongs to histidine derivatives and is 
an indicator of muscle decomposition. 3-methylhistidine 
is released when muscle contraction leads to the decompo-
sition of skeletal muscle contractile proteins, and elevated 
3-methylhistidine content usually reflects the abnormal 
secretion of contractile proteins because there is no corres-
ponding enzyme for decomposition and reuse in muscle 
cells [23]. Hemoglobin forms biliverdin under the action 
of hemoglobin oxygenase of microsomes in mononuclear 
phagocytes, and its elevated level is usually considered 
to be associated with biliary obstruction or intravascular 
hemolytic disease [24]. Reduced levels of beta-glycero-
phosphoric acid, a major component of the normal synthe-
sis of triglycerides, also confirm the increased viscosity in 
AH and the increased risk of obstruction [25]. The expres-
sion of the above compounds also basically accords with 
the pathological changes of BRVO. Meanwhile, we found 
similar results in the metabolomics analysis of patients 
with BRVO complicated by macular edema by Xiong 
X et al. [26], suggesting that intervening in the levels of 
3-methylhistidine, Biliverdin, and beta-glycerophosphoric 
acid may be expected to develop new treatment regimens 
for CAT complicated by BRVO. Tricosanoic acid, known 
to form water-insoluble macromolecular complexes with 
various compounds in the human body and deposit them 
in the organs and tissues to which they belong [27], is also 
considered to be one of the most critical metabolites in 
the formation of obstruction in diseases such as kidney 

stones and myocardial infarction [28, 29]. In this paper, 
the strong correlation between tricosanoic acid and AH in 
patients with CAT+BRVO also shows the involvement of 
tricosanoic acid in vascular obstructions of the eye fundus, 
providing a new idea for the future treatment of BRVO, 
namely, improving tricosanoic acid metabolism.

Finally, through KEGG pathway enrichment analysis, 
we found that the keywords most frequently involved in 
the differentially expressed metabolites were biosynthesis 
of unsaturated fatty acids and synaptic vesicle cycle. Trans-
fatty acids are known to be the root cause of vascular 
occlusion, so the importance of biosynthesis of unnatural 
fatty acids is self-evident [30]. Currently, the relationship 
between synaptic vesicle cycle and BROV has not been 
clarified, but we speculate that this may be related to the 
postsynaptic retinal ganglion cells in the dendritic region. 
When synaptic vesicles fuse with the plasma membrane, 
the neurotransmitters stored in the vesicles are released in 
different ways, which has an impact on the activities of 
postsynaptic cells and even neural networks at multiple 
levels, maintaining the normal operation of retinal cells 
and ensuring correct visual function. To test this hypothe-
sis, more in-depth experiments are needed for analysis and 
validation.

Of course, there are still many limitations to be ad-
dressed in this study. For example, the AH samples ana-
lyzed were collected during surgery, and the stress injury 
caused by surgery may have some influence on the basal 
metabolism of AH, which may affect the accuracy of expe-
rimental results to a certain extent. In addition, due to re-
gional restrictions, the research participants are limited to 
the yellow race in China, and whether there are differences 
among different races is still uncertain. Moreover, more 
experiments are still needed to verify the involvement of 
metabolomics in the process of CAT+BRVO to provide 
more reliable reference and guidance for clinical practice.

5. Conclusion
Through the metabolomics analysis of AH samples 

from patients with CAT complicated by BRVO, this study 
found that metabolites such as 3-methylhistidine, biliver-
din, and beta-glycerophosphoric acid play an important 
role in the onset and progression of CAT+BRVO. The fin-
dings not only help us to further understand the pathoge-
nesis of CAT complicated by BRVO, but also suggest a 
new direction for future treatment of the disease, which 
has important clinical implications.

Conflicts of Interest
The authors report no conflict of interest.

Availability of data and materials
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Funding
This study was supported by the Taizhou Ministry of 
Science and Technology(NO.23ywb23).

References 

1. Go JA, Mamalis CA, Khandelwal SS (2021) Cataract Surgery 
Considerations for Diabetic Patients. Curr Diab Rep 21 (12): 67. 
doi: 10.1007/s11892-021-01418-z



252

Metabolomics analysis of cataract combined BRVO          Cell. Mol. Biol. 2024, 70(4): 248-252

2. Jing Z, Hao J, Sun L, Zhao X, Jia X, Liu Z, Zhang K (2023) 
Analysis of influencing factors of corneal edema after phacoemul-
sification for diabetic cataract. Cell Mol Biol (Noisy-le-grand) 69 
(4): 164-171. doi: 10.14715/cmb/2023.69.4.26

3. Lim JC, Caballero Arredondo M, Braakhuis AJ, Donaldson PJ 
(2020) Vitamin C and the Lens: New Insights into Delaying the 
Onset of Cataract. Nutrients 12 (10). doi: 10.3390/nu12103142

4. Sawada O, Ohji M (2016) Retinal Vein Occlusion. Dev Ophthal-
mol 55: 147-153. doi: 10.1159/000438971

5. Liu K, Fang J, Jin J, Zhu S, Xu X, Xu Y, Ye B, Lin SH, Xu X (2020) 
Serum Metabolomics Reveals Personalized Metabolic Patterns 
for Macular Neovascular Disease Patient Stratification. J Pro-
teome Res 19 (2): 699-707. doi: 10.1021/acs.jproteome.9b00574

6. Schrimpe-Rutledge AC, Codreanu SG, Sherrod SD, McLean 
JA (2016) Untargeted Metabolomics Strategies-Challenges and 
Emerging Directions. J Am Soc Mass Spectrom 27 (12): 1897-
1905. doi: 10.1007/s13361-016-1469-y

7. Bauermeister A, Mannochio-Russo H, Costa-Lotufo LV, Jar-
musch AK, Dorrestein PC (2022) Mass spectrometry-based meta-
bolomics in microbiome investigations. Nat Rev Microbiol 20 
(3): 143-160. doi: 10.1038/s41579-021-00621-9

8. Tian H, Ni Z, Lam SM, Jiang W, Li F, Du J, Wang Y, Shui G 
(2022) Precise Metabolomics Reveals a Diversity of Aging-Asso-
ciated Metabolic Features. Small Methods 6 (7): e2200130. doi: 
10.1002/smtd.202200130

9. Hou XW, Wang Y, Ke C, Pan CW (2023) Metabolomics facilitates 
the discovery of metabolic profiles and pathways for myopia: A 
systematic review. Eye (Lond) 37 (4): 670-677. doi: 10.1038/
s41433-022-02019-0

10. Jody N, Santana M, Rudell J (2023) Pediatric cataract sur-
gery: considerations and updates in diagnosis and manage-
ment. Curr Opin Ophthalmol 34 (1): 58-63. doi: 10.1097/
ICU.0000000000000918

11. Wang R, Li B, Lam SM, Shui G (2020) Integration of lipidomics 
and metabolomics for in-depth understanding of cellular mecha-
nism and disease progression. J Genet Genomics 47 (2): 69-83. 
doi: 10.1016/j.jgg.2019.11.009

12. Chen X, Yu D (2019) Metabolomics study of oral cancers. Meta-
bolomics 15 (2): 22. doi: 10.1007/s11306-019-1483-8

13. Shastry A, Dunham-Snary K (2023) Metabolomics and mito-
chondrial dysfunction in cardiometabolic disease. Life Sci 333: 
122137. doi: 10.1016/j.lfs.2023.122137

14. Guijas C, Montenegro-Burke JR, Warth B, Spilker ME, Siuzdak 
G (2018) Metabolomics activity screening for identifying meta-
bolites that modulate phenotype. Nat Biotechnol 36 (4): 316-320. 
doi: 10.1038/nbt.4101

15. Ren SC, Yang X, Mondal B, Mou C, Tian W, Jin Z, Chi YR (2022) 
Carbene and photocatalyst-catalyzed decarboxylative radical cou-
pling of carboxylic acids and acyl imidazoles to form ketones. Nat 
Commun 13 (1): 2846. doi: 10.1038/s41467-022-30583-2

16. Kammer LM, Lipp B, Opatz T (2019) Photoredox Alkenylation 
of Carboxylic Acids and Peptides: Synthesis of Covalent Enzyme 
Inhibitors. J Org Chem 84 (5): 2379-2392. doi: 10.1021/acs.
joc.8b02759

17. Dahi-Azar S, Abdolmohammadi S, Mokhtari J (2021) Ethanol-
Drop Grinding Approach: Cadmium Oxide Nanoparticles Cata-
lyzed the Synthesis of [1, 3]Dioxolo[g][1]benzopyran-6-carboxy-
lic Acids and Pyrido[d]pyrimidine-7-carboxylic Acids. Comb 
Chem High Throughput Screen 24 (1): 139-147. doi: 10.2174/13
86207323666200712145041

18. Lee J, Ong KW, Wan Abdul Halim WH, Mohd Khialdin S, Yong 

MH (2023) Case Report: Branch Retinal Vein Occlusion Post-
mRNA SARS-CoV-2 (COVID-19) Vaccination. Optom Vis Sci 
100 (11): 799-803. doi: 10.1097/OPX.0000000000002075

19. Shrestha R, Sitaula RK, Karki P, Joshi SN (2021) Branch Retinal 
Vein Occlusion in a Case of Sarcoidosis. Nepal J Ophthalmol 13 
(25): 146-151. doi: 10.3126/nepjoph.v13i1.28640

20. Aref AA, Scott IU (2011) Management of macular edema secon-
dary to branch retinal vein occlusion: an evidence-based update. 
Adv Ther 28 (1): 28-39. doi: 10.1007/s12325-010-0089-3

21. Grochowski ET, Pietrowska K, Godlewski A, Gosk W, Buc-
zynska A, Wojnar M, Konopinska J, Kretowski A, Ciborowski M, 
Dmuchowska DA (2023) Simultaneous Comparison of Aqueous 
Humor and Serum Metabolic Profiles of Diabetic and Nondiabe-
tic Patients Undergoing Cataract Surgery-A Targeted and Quanti-
tative Metabolomics Study. Int J Mol Sci 24 (16). doi: 10.3390/
ijms241612671

22. Rumping L, Tessadori F, Pouwels PJW, Vringer E, Wijnen JP, 
Bhogal AA, Savelberg SMC, Duran KJ, Bakkers MJG, Ramos 
RJJ, Schellekens PAW, Kroes HY, Klomp DWJ, Black GCM, 
Taylor RL, Bakkers JPW, Prinsen H, van der Knaap MS, Dan-
sen TB, Rehmann H, Zwartkruis FJT, Houwen RHJ, van Haaften 
G, Verhoeven-Duif NM, Jans JJM, van Hasselt PM (2019) GLS 
hyperactivity causes glutamate excess, infantile cataract and pro-
found developmental delay. Hum Mol Genet 28 (1): 96-104. doi: 
10.1093/hmg/ddy330

23. Bres E, Pagan C, Bouchara A, Pastural M, Granjon S, Laville M, 
Fouque D, Soulage CO, Koppe L (2022) 3-methylhistidine and 
clinical outcomes in maintenance haemodialysis patients. Nephrol 
Dial Transplant 37 (10): 1951-1961. doi: 10.1093/ndt/gfac050

24. Cross AJ, Major JM, Rothman N, Sinha R (2014) Urinary 
1-methylhistidine and 3-methylhistidine, meat intake, and co-
lorectal adenoma risk. Eur J Cancer Prev 23 (5): 385-390. doi: 
10.1097/CEJ.0000000000000027

25. Lai YH, Lee MC, Lin TJ, Liu CH, Hsu BG (2020) Low Serum 
3-Methylhistidine Levels Are Associated With First Hospitali-
zation in Kidney Transplantation Recipients. Transplant Proc 52 
(10): 3214-3220. doi: 10.1016/j.transproceed.2020.06.036

26. Xiong X, Chen X, Ma H, Zheng Z, Yang Y, Chen Z, Zhou Z, Pu 
J, Chen Q, Zheng M (2021) Metabolite Changes in the Aqueous 
Humor of Patients With Retinal Vein Occlusion Macular Edema: 
A Metabolomics Analysis. Front Cell Dev Biol 9: 762500. doi: 
10.3389/fcell.2021.762500

27. Qian L, Chen BJ, Deng P, Gui FR, Cao Y, Qin Y, Liao HJ (2023) 
TM7 (Saccharibacteria) regulates the synthesis of linolelaidic 
acid and tricosanoic acid, and alters the key metabolites in dia-
pause Clanis bilineata tsingtauica. Front Physiol 14: 1093713. 
doi: 10.3389/fphys.2023.1093713

28. Shantha NC, Ackman RG (1990) Nervonic acid versus tricosa-
noic acid as internal standards in quantitative gas chromatogra-
phic analyses of fish oil longer-chain n-3 polyunsaturated fatty 
acid methyl esters. J Chromatogr 533: 1-10. doi: 10.1016/s0378-
4347(00)82182-9

29. Li D, Misialek JR, Jing M, Tsai MY, Eckfeldt JH, Steffen LM, 
Knopman D, Wruck L, Gottesman R, Mosley TH, Sharrett AR, 
Alonso A (2020) Plasma phospholipid very-long-chain SFAs in 
midlife and 20-year cognitive change in the Atherosclerosis Risk 
in Communities (ARIC): a cohort study. Am J Clin Nutr 111 (6): 
1252-1258. doi: 10.1093/ajcn/nqaa048

30. Zhao X, Zhang X, Ye B, Yan H, Zhao Y, Liu L (2021) Effect of 
unsaturated fatty acids on glycation product formation pathways. 
Food Res Int 143: 110288. doi: 10.1016/j.foodres.2021.110288


