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Purpose: Epididymitis histological alterations and related long-term reproductive issues cannot be cured by antibiotics alone. Few 
studies have been done on the effect of lycopene on epididymitis, despite the fact that it is an efficient antioxidant. The objective of this 
study was to assess the impact of lycopene on Lipopolysaccharide (LPS)-induced epididymis and lipid metabolism.
Methods: Thirty-one 260–290g rats were separated into the blank control group (n=10), the oil-control group (n=10), the single 
intraperitoneal injection of 5 mg/kg LPS (n=5), and the continuous intragastric of 5 mg/kg lycopene (n=6). The animals were 
euthanized after four weeks, and blood and the epididymis were removed for analysis.
Results: Lycopene significantly decreased IL-1α, IL-1β, TNF-α, MCP-1, IL-6 and lipid peroxidation product Malondialdehyde in 
serum and epididymis. It significantly increased the epididymis’s antioxidant enzyme and total antioxidant capacity. According to LC- 
MS plasma lipidomics, lycopene increased phosphatidylcholine, lysophosphatidylcholine, decreased phosphatidylethanolamine, tria-
cylglycerol, and diacylglycerol levels, changed the composition of lipids, altered metabolic pathways, and these changes were related 
to the mechanism of anti-inflammatory and oxidative stress. 20 lipids, including PC (20:5e) and LPC (14:0), were identified through 
additional Spearman correlation analysis as being related to cytokines and oxidation indices. They served as possible lipid markers that 
may be utilized to gauge the severity of inflammation.
Conclusion: Lycopene has anti-inflammatory and antioxidant properties that improve histopathological and functional damage in 
LPS-induced epididymitis and is an alternate supplement for treating epididymitis. Lipidomics provide new perspectives on the 
possible mechanism of lycopene in protecting against LPS-induced epididymitis by integrating lipid metabolism and inflammation.
Keywords: lycopene, lipidomics, inflammatory, antioxidant, lipids regulation, correlation

Introduction
Epididymitis, a more frequent infection of the male reproductive system than orchitis, can occur alone or with orchitis.1 

Young and middle-aged males which are the main demographic for reproduction, frequently get epididymitis. As known, 
sperms mature, are protected and are stored in the epididymis. So epididymitis dysfunction caused by infection and 
inflammation will lead to temporary or persistent infertility,2 posing a severe risk to the health of males and creating 
significant issues for the general public.

Lipopolysaccharide (LPS) is the main component of Escherichia coli (Gram-negative bacteria), the main pathogenic 
bacteria of epididymitis,3 which binds to LPS-binding protein, protein CD14, and protein MD2 to create a complex. The 
TLR4 expressed in epididymis epithelial cells is activated by the complex and causes intracellular signal cascades that 
activate nuclear factor B (NF-κB) and inflame the epididymis.4 Recent research has indicated that plasma membrane 
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lipids are crucial controllers of LPS-induced inflammatory signaling pathways.5 In addition, epididymal immune and 
non-immune cells secrete cytokines and produce reactive oxygen species (ROS) through TLR4-dependent pathways, 
which adversely influence epididymal sperm parameters by direct cytotoxicity and/or indirect damage. Instead of being 
a result of spermatogenesis and testicular steroidogenesis abnormalities, the LPS-induced adverse effects on the 
epididymis micro-environment are caused by its interference with epididymis-self.6 Moreover, epididymitis can result 
in remodelling fibrosis and blockage of the epididymal duct, both impair fertility.7–9

Acute epididymitis is caused mainly by microbial infection, and the most common pathogenic organism is Escherichia 
coli. Chronic epididymitis can often result from acute infections treatment is not timely or thorough, and inflammation 
remains. Due to its subtle nature, chronic epididymitis is frequently disregarded, but it needs enough attention because it will 
continue to cause harm.2 Antibiotics are still the most widely used treatment for epididymitis, but they are not always 
practicable. Due to the fact that antibiotic intervention can eradicate epididymitis-related infections but that antibiotic usage 
alone cannot reverse histopathological alterations and their associated long-term reproductive issues.10,11 In addition to using 
potent broad-spectrum antibiotics, finding alternative supplements is essential for treating epididymitis.

Lycopene (LYC) is a natural carotenoid with the molecular formula C40H56, which is a lipid-soluble substance. LYC 
possesses potent antioxidant, anti-inflammatory, and antidiabetic potential.12 Due to its many conjugated double bonds, 
LYC shows two and ten times higher singlet oxygen quenching rates than β-carotene and α-tocopherol.13,14 According to 
the study, LYC reduces ROS and inhibits LPS-induced IL-6 expression in pancreatic acinar cells, preventing the occurrence 
of alcohol/LPS-related pancreatitis.14 In another study of LPS-induced uveitis in SD rats, LYC injection significantly 
reduced inflammatory cell infiltration and the levels of pro-inflammatory cytokines, indicating the inhibitory effect of LYC 
on inflammation.15 In addition, for Escherichia coli-induced chronic bacterial prostatitis, the combination of LYC and 
ciprofloxacin was superior to ciprofloxacin alone in improving bacterial growth and prostate inflammation.16 However, 
there is limited data on the preventive role of LYC against LPS-induced epididymis damage. Furthermore, the underlying 
molecular mechanisms by which LYC exerts its protective effects are complex. Recent researches revealed a connection 
between serum metabolome and the LYC intervention mechanism. For example, a diet high in fat and sugar increases the 
production of LPS, promoting systemic inflammation and leading to cognitive impairing cognitive function via the gut-liver 
-brain axis. LYC ameliorated this injury by improving gut-liver-brain lipid metabolism and inflammatory response.17 It 
appears that LYC exerts dual regulatory effects on LPS-induced inflammatory response and lipid metabolism disorders.

Liquid chromatography-mass spectrometry- (LC-MS-) based lipidomics often used to swiftly and accurately isolate 
and identify single molecules, which has particular advantages in mechanism research.18 Therefore, the present study 
aimed to evaluate the protective effect of LYC against epididymitis. LC-MS was used to explain the possible mechanism 
of the protective effect of LYC from the perspective of lipid metabolism and to screen potential lipid markers.

Materials and Methods
Animals
The Jinling Hospital provided 31 sexually mature male Sprague Dawley rats, aged eight weeks and weighing 280±10g. 
During the study, the animals were kept at a constant temperature (24±2°C) and relative humidity (60±5%) with a 12- 
hour light: dark cycle and free access to food, water, and libitum.

Chemicals and Experimental Design
LPS (L2630-10MG) was purchased from Sigma-Aldrich, Co., (USA). LYC was obtained from the Nanjing Yuanjian 
Biotechnology Co., LTD (Nanjing, China).

After two weeks of acclimatization, the rats were split into four groups. The first was the blank control group, and 
the second was given oil (5 mL/kg/d, 4 weeks) as the vehicle control group. The third group received LPS (5 mg/kg), dissolved 
in 0.9% sodium chloride injection, intravenously. The epididymal inflammatory response was induced by intraperitoneal 
injection of LPS in SD rats. Intragastric administration of LYC was started 24 h after the LPS injection. LPS (5 mg/kg, 
dissolved in 0.9% sodium chloride injection, i.p.) and LYC (5 mg/kg/d, dissolved in oil, i.g., 4 weeks) were administered to the 
fourth group. This study was approved by the Experimental Animal Ethics Committee of East Region Military Command 
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General Hospital (Jinling Hospital, 2022JLHSXJDWLS-0021) and carried out according to the National Institutes of Health 
protocol to laboratory animal care and use.

Epididymal Sperm Analysis
The cauda epididymis, being scissored, was placed in the 1mL saline-filled Eppendorf tube. Then the Eppendorf tube was 
placed in a 37°C warm water tank for 30 minutes to make the sperm swim out fully. After that, 10 μL of the suspension 
were aspirated, transferred into a new Eppendorf tube with 990 μL saline, and mixed. Then 10 μL of sperm suspension 
was transferred into the counting grids of the modified Neubauer blood cell counting plate. A light microscope (×400) 
was used to evaluate the sperm specimens’ concentration and motility. Sperm parameters were identified using the WHO 
laboratory guidelines for analyzing and processing human sperm (WHO, 2010). Sperm count and motility were observed 
and assessed by one researcher, and at least 200 sperm were observed.

Histopathological Examination
The other side epididymis tissue was preserved in 4% paraformaldehyde for 24 hours. Gradient dehydration was 
conducted using ethanol in various percentages (80%, 90%, 95%, and 100%). After 1.5 hours in a solution of ethanol 
and xylene, the tissue was transferred to xylene and impregnated to make it transparent. It was embedded in paraffin, 
made into wax blocks, and cut into 5μm slices. The slices were deparaffinized with xylene, then hydrated by immersing 
with ethanol at various percentages (100%, 90%, 80%, 70%) and water for 2 minutes. Then the slices were immersed in 
a hematoxylin staining solution. After washing off the staining solution and differentiation with hydrochloric acid 
ethanol, the slices were immersed in ammonia water to return to blue. The next step was to dip the slices in an eosin 
staining solution. The stained sections were dehydrated and sealed, then observed using a microscope.

Measurement of Cytokines in Serum and Epididymis
Cytokine levels in serum and epididymis were measured using ELISA kits according to the manufacturer’s instructions. 
Interleukin1alpha (IL-1α, Cat num: ELK1148), interleukin 1 beta (IL-1β, Cat num: ELK1272), tumor necrosis factor- 
alpha (TNF-α, Cat num: ELK1396), monocyte chemotactic protein 1 (MCP-1, Cat num: ELK5504) and interleukin 6(IL- 
6, Cat num: ELK1158) were assessed in serum and the epididymis. The manufacturer’s recommendations state that those 
cytokines were found using commercial assays (ELK Biotechnology CO., LTD, Wuhan, Hubei, China).

Assay for Redox Status in the Epididymis
According to the manufacturer’s instructions, commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
Jiangsu, China) were used to detect catalase (CAT, A007-1), glutathione peroxidase (GSH-pX, A005-1), and superoxide 
dismutase (SOD, A001-1) in the epididymis. The total antioxidant capacity (TAOC) assay kit (A015-1) and the 
malondialdehyde (MDA) assay kit (A003-1) were also bought from Nanjing Jiancheng Bioengineering Institute.

Plasma Lipidomics Analysis by LC-MS
Blood samples were taken from the −80°C refrigerator and thawed. Take a 100μL sample, add 1.5mL chloroform/ 
methanol solution and 0.5mL pure water, and scroll for 1 min. Then the mixture was centrifuged at 3000 rpm for 10 min 
at room temperature. The organic phase was transferred into a new tube, and 200μL isopropanol/methanol was added to 
redissolve. Then the vortex was performed with adding 5μL internal standard to mix. Next, centrifugation was performed 
at 12000 rpm at 4°C for 10 min. After that, the supernatant was transferred into the sample vial.

The plasma in the sample vial was tested on the apparatus using LC-MS (Waters, UPLC; Thermo, Q Exactive). 
On the ACQUITY UPLC BEH C18 column (2.1*100 mm, 1.7μm) operating at 40 °C with a flow rate of 0.3mL/ 
min, the separation was carried out. The mobile phase A was formed of Acetonitrile/water (6:4, v/v, with 10mM 
ammonium formate), and the mobile phase B was composed of Iso-Propyl alcohol/Acetonitrile (9:1, v/v, with 10mM 
ammonium formate). The injection volume is 1μL (positive mode) and 3μL (negative mode) with the injector 
temperature held at 4°C to test. After that, the technique for gradient elution was followed. Always insert quality 
control during samples testing.
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Lipidomics Data Processing
After acquiring the pre-processed Data, the multivariate variable pattern recognition studies were carried out using 
SIMCA (V14.1, Sartorius Stedim Data Analytics AB, Umea, Sweden). Principal component analysis (PCA) is used to 
first exclude outlier samples and outlier samples (samples outside the Hotelling T2 ellipse in confidence interval). 
R2Y and Q2 were obtained after cross-validation was used to assess the model’s validity. Orthogonal projections to Latent 
Structures-discriminant analysis (OPLS-DA) was used for modeling and analysis. The permutation test is used to confirm 
the model’s stability once more.

Differential Lipid Screening and Pathway Analysis
To identify the different lipids between the LPS group and the LPS+LYC group, the OPLS-DA score plot and univariate 
statistical analysis of Student′s t-test were utilized. P<0.05 and Variable Importance in the Projection (VIP)>1 were the 
requirements for differentiating groups. Following the discovery of the differential lipids, matching data was obtained by 
mapping the differential lipids in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database using 
enrichment analysis and topological analysis. And a metabolic pathway analysis was carried out to identify the vital route 
that had the significant association with the lipid difference.

Correlation Analysis
Spearman correlation analysis was used to evaluate the correlation between two variables. The correlations between 
serum cytokines, epididymal cytokines, oxidation indices and different lipids were analyzed.

Statistical Analysis
Then the data were examined using the statistical program SPSS 26.0 and were diagramed using the GraphPad Prism 
v8.0 (GraphPad Software Inc., San Diego, CA, USA). Comparisons were done using the Student′s t-test or Analysis of 
Variance (ANOVA), and the Spearman rank correlation analysis was carried out using Origin 2021. The significance 
criteria were P<0.05.

Results
Weight Gain and Sperm Quality of Caudal Epididymis
The weight gain of the LPS-treated rats was considerably higher than that of the Control and Oil groups, demonstrating 
a significant difference. After the LYC intervention, the rise in weight gain was reduced when compared to the LPS group, 
although the difference was not statistically significant (Figure 1A). Rats treated with LPS had considerably lower sperm 
motility thereafter. The sperm motility increased after LYC intervention compared to the LPS group, however the difference 
was not statistically significant (Figure 1B). Sperm count decreased significantly when LPS and Control were compared and 
increased in the LPS+LYC group, but it was not statistically significant compared with the LPS group (Figure 1C).

Figure 1 Effects of LYC on post-LPS weight gain and sperm quality of caudal epididymis. (A) weight gain (B) sperm motility (C) sperm count. *P<0.05, **P<0.01, ***P<0.001, 
Compared with Control and Oil. #P<0.05, ##P<0.01, ###P<0.001, Compared with LPS alone.
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Epididymis Histopathological Evaluation
The pathogenic effects of LYC on the epididymal inflammation caused by LPS were assessed using epididymal histology. 
Control and Oil group rats had closely spaced epididymal tubules (Figure 2A and B). Many sperm cells could be seen in the 
lumens, and epithelial cells were grouped in a clean manner with distinct features (Figure 2E and F). Contrarily, rats given LPS 
had atrophied epididymal lumens that displayed severe tissue edema and increased voids (Figure 2C). The lumens were 
chaotic and unequal in shape, and contained little to no sperm (Figure 2G). There was a significant improvement in LYC 
following the intervention, as well as a partial restoration of tissue morphology, a reduction in tissue space edema, and 
a tendency for epididymal epithelial cells to be arranged in a certain order (Figure 2D, H).

Serum and Epididymis Cytokines Determination
Cytokines concentrations in serum and epididymal homogenates were measured to determine the effects of LYC on systemic 
and epididymal inflammation induced by LPS. Following LPS treatment, pro-inflammatory cytokines in serum levels of IL- 
1α, IL-1β and TNF-α increased significantly (Figure 3A–C). MCP-1, a byproduct of the NF-κB inflammatory pathway, was 
considerably more significant than the control groups (Figure 3D). IL-6 involves in many biological processes. In addition to 
being a pro-inflammatory cytokine, it can control spermatogenesis and sperm maturation. Compared to the control groups, the 
levels of IL-6 dramatically increased after LPS treatment (Figure 3E). Following LYC intervention, the serum levels of IL-1α, 
IL-1β, TNF-α, MCP-1 and IL-6 dramatically decreased. In line with those in serum, these cytokines’ changes in concentration 
in the epididymal homogenate were also constant (Figure 3F–J).

Oxidative Stress Index Measurement of the Epididymis
The levels of antioxidant stress indicators and the lipid peroxidation degradation product MDA were tested to ascertain the LYC 
affected LPS-induced epididymis oxidative stress. GSH-pX can break down active compounds while preserving the structural 
and functional integrity of cell membranes. The antioxidant enzymes SOD and CAT are markers of the antioxidant defence 
system. Compared to the control groups, the GSH-pX, SOD, and CAT levels in the LPS group were considerably lower. GSH-pX 
and SOD levels in the LYC+LPS group considerably increased when compared to the LPS group, while CAT concentration 
increased but did not differ significantly (Figure 4A–C). The MDA levels in the LYC group reduced, which had a significant 

Figure 2 Effects of LYC on post-LPS epididymis histopathology at 100 and 200 times. Compared with the Control (A, E) and Oil (B, F) groups, evident edema between the 
tubules and interval widening were present in the epididymis of the LPS-treated group (C), disordered and irregular epithelial cells, and a lower concentration of sperm in 
the lumen (G). LYC-treatment reduced edema (D) and significantly improved the shape of the lumen and the quantity of sperm in it (H). 
Abbreviations: LU, lumen; EP, epithelium; IS, interstitial space, showed varying degrees of improvement.
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difference from the LPS group. Moreover, The MDA levels comparison between the LYC and control groups is not significant, 
indicating that it had reverted to the normal level (Figure 4E). Comparing the LPS group to the control groups, the TAOC 
decreased; however, it considerably increased in the LPS+LYC group (Figure 4D).

Multivariate Statistical Analysis Results
After preprocessing the data obtained in positive ion mode, multivariate statistical analysis was carried out. Figure 5A displays 
the results of the PCA analysis of the data from the LPS and LPS+LYC groups. According to a significant separate trend 
between the two groups (R2X=0.48), LYC exhibited a controlling impact on the inflammation caused by LPS. The OPLS-DA 
model score diagram was created in this study to determine the differences in lipid metabolites between the LPS+LYC group 
and the LPS group (Figure 5B). The phenotypic explanatory power R2Y=0.988 and phenotypic predictive power Q2=0.79 of 

Figure 3 Effects of LYC on post-LPS cytokine levels in serum and epididymis homogenate. (A) IL-1α in serum, (B) IL-1β in serum, (C) TNF-α in serum, (D) MCP-1 in serum, 
(E) IL-6 in serum, (F) IL-1α in epididymis, (G) IL-1β in epididymis, (H) TNF-α in epididymis, (I) MCP-1 in epididymis, (J) IL-6 in epididymis. Considerable differences were 
found across all groups, proving that LYC had a significant reducing effect on the systemic and epididymal inflammation brought on by LPS. *P<0.05, **P<0.01, ***P<0.001, 
Compared with Control and Oil. #P<0.05, ##P<0.01, ###P<0.001, Compared with LPS alone.

Figure 4 Effects of LYC on post-LPS the oxidation index of epididymis homogenate. (A) GSH-pX, (B) SOD, (C) CAT, (D) TAOC, (E) MDA. These results suggested that 
LYC could boost antioxidant defense and increase antioxidant capacity by lowering MDA levels and raising the activity of the antioxidant enzyme in the epididymis. *P<0.05, 
**P<0.01, ***P<0.001, Compared with Control and Oil. #P<0.05, ##P<0.01, ###P<0.001,Compared with LPS alone.
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this model demonstrated its dependability and demonstrated its good classification predictability and repeatability. The model 
was confirmed by the permutation test, and the outcomes revealed that R2 and Q2 on the left were less inconsequential than the 
initial R2 and Q2 on the right, further demonstrating the model’s resilience (Figure 5C). Then putative differential lipid 
metabolites were evaluated based on the VIP>1 of the LYC group and LPS group, along with P<0.05.

Differential Lipid Screening and Pathway Analysis
The variables with weight values VIP>1 of the OPLS-DA were eliminated, and the lipid metabolites with a significant difference 
were determined in conjunction with the P-value of the t-test (P<0.05) and the VIP of the OPLS-DA. A total of 135 differential 
lipids, including PC (Lecithin), PE, and LPC, were discovered. All the discovered difference lipids are visualized in Figure 6A.

The pathways of differential lipid mapping discovered by the aforementioned investigation were sorted using KEGG. 
Through enrichment analysis and topological analysis of the pathways, the key pathways with the strongest association to 
lipid differences were eliminated. Glycerophospholipid metabolism, Linoleic acid metabolism, alpha-Linolenic acid 
metabolism, Glycosylphosphatidylinostol (GPI)-anchor biosynthesis, Glycerolipid metabolism and Arachidonic acid 
metabolism are mediated (Figure 6B). The plasma concentrations of PC and LPC dramatically rose while those of PE, 
TG, and DG significantly decreased following LYC therapy with LPS-induced inflammation. It is clearly demonstrate 
changes in lipid concentrations and their impact on metabolic pathways by grouping the important metabolic routes and 
displaying them notably distinct lipids (Figure 6C).

Correlation Between Different Types of Lipids and Biochemical Indices
Different types of differential lipids were subjected to cluster analysis, and the results were shown as a differential heat map, 
highlighting differences in lipid metabolism between the two groups (Figures 7–10A). Then, correlation heat maps were created 
using Spearman correlation analysis on lipids from various categories along with serum cytokines (Figures 7–10B), epididymal 
cytokines (Figures 7–10C), and oxidation markers (Figures 7–10D). Correlation results are shown in Color and Significant Mark. 
PC (10:0e/6:0), PC (8:1e/11:0), PC (8:1e/12:4), PC (20:5e), PC (32:2), PC (35:2), PE (12:0e/8:0), PE (17:1/23:1), LPC (14:0), 
LPC (19:1) and LPC (20:5) were simultaneously correlated with all cytokines in serum and epididymis, indicating that cytokine 
levels in serum and epididymis increased with the increase of these lipid levels. Meanwhile, PC (10:0e/12:2). PE (10:0e/11:2), 
LPC (18:2), LPC (18:2e), and LPC (22:2) were positively correlated with TAOC and negatively correlated with MDA. PC (8:0e/ 
6:0), PC (8:0e/9:0), PC (20:5e) and LPC (14:0) were negatively correlated with TAOC and positively correlated with MDA.

Discussion
In this study, the biochemical indicators and pathological characteristics were evaluated to determine the protective effect of 
LYC in LPS-induced on epididymitis. Meanwhile, LC-MS was used to examine the changes in plasma lipid metabolites oral 

Figure 5 Use of multivariate statistical analysis for the evaluation of plasma lipidomics data (in positive ion mode). (A) PCA score plot. R2X=0.48, LPS group (n=5) and LYC 
group (n=6) samples fell in Ellipse: Hotelling’s T2 (95%), suggesting that there are no aberrant samples and that the difference between the two groups of samples is 
significant. (B) OPLS-DA score plot. There were no aberrant samples and the two groups of samples were notably distinct, as shown by the R2Y=0.988, Q2=0.79, and the 
fact that all of the samples were inside the 95% confidence interval (Hotelling’s T-squared Ellipse). (C) Correlation Coefficient, demonstrating the original model’s robustness 
and ability to explain the variations between the two groups of samples.

Journal of Inflammation Research 2022:15                                                                                          https://doi.org/10.2147/JIR.S380785                                                                                                                                                                                                                       

DovePress                                                                                                                       
6523

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


LYC in rats with LPS-induced epididymitis, to identify the lipid metabolites and metabolic pathways affected by LYC, and to 
explain the possible mechanism of LYC in reducing epididymitis inflammation.

By Decreasing Inflammation and Oxidative Stress, LYC Protects Against LPS-Induced 
Epididymitis
The cytokine levels and inflammatory response in the epididymitis are decreased by LYC. LPS-induced systemic 
inflammation causes increases levels of pro-inflammatory cytokines, particularly TNF-α,19 and leukocyte infiltration 
and fibrosis in the caudal epididymis to result in infertility. At present study, LYC decreased LPS-induced pro- 
inflammatory cytokines IL-1α, IL-1β and TNF-α levels. LPS can induce and work in conjunction with the rise in 
saturated fatty acids, such as palmitic acid to exacerbate the inflammatory response.20,21 The previous study has found 
that, LYC dramatically lowers the gene expression of the adipokines IL-6 and MPC-1 in epididymal adipose tissue while 
not affecting body weight or obesity. This alleviates the chronic low-grade inflammation brought on by obesity.22 The 
present study also demonstrated that weight gain in LPS-treated rats was significantly increased. LYC did not 

Figure 6 Different lipid visualization outcomes and KEGG metabolic pathways are impacted. (A) The filtered differential lipids volcanic map. Red denotes upward 
movement, blue denotes downward movement, and the size of the circle denotes the VIP. (B) Pathway analysis for group LPS vs LPS+LYC. It was discovered that LYC had an 
impact on six different pathways, including glycerophosphatide, glycerolides, linoleic acid, and arachidonic acid. (C) Schematic plot of the selected related pathways. Clearly 
demonstrate the connections between certain metabolic pathways and alterations in the concentrations of key lipids.
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significantly reduce weight gain but did reduce IL-6 and MCP-1 levels. In addition, by resuming the activities of the 
antioxidant enzymes SOD, GSH-pX, and CAT, LYC improved the LPS toxicity to sperm parameters of infertile men with 
oligospermia.23 The current study has come to the same conclusion, these antioxidant enzymes may be activated in the 
epididymis tissue by LYC, according to our research. As measures of antioxidant defense, they can decrease lipid 
peroxidation and lower MDA levels. In this way, LYC raises the TAOC while reducing over-produced ROS’s adverse 
effects on the plasma membrane of the sperm.

The Potential Lipid-Regulating Mechanisms of LYC Effect on LPS-Induced Epididymis 
Injury
LYC altered the concentration and composition of different lipids in plasma, such as a significant increase in PC and LPC 
and a decrease in PE, DG, and TG. These changes could attenuate the epididymal injury induced by LPS in variety of 
approaches. For example, PC inhibits multiple proinflammatory mediators neutrophils produce to attenuate LPS-induced 
inflammatory and oxidative damage in multiple organs and tissues.24 In addition, the higher PC concentration improved 
LYC bioavailability, enhancing antioxidant capacity and oxidative metabolism.25 On the other hand, LPS results in 

Figure 7 Correlation analysis of cytokines and oxidation indices with significantly changed PC. (A) Heat map from cluster analysis of dramatically modified PC (in positive 
ion mode). Each column in the picture corresponds to a sample, and each row to a distinct PC. Between LPS+LYC and LPS, there were appreciable differences in the 
amounts of several PC types. Heat map of the correlation analysis between the significantly changed PC and the serum cytokines (B), and the epididymal cytokines (C), and 
the epididymal oxidation index (D). The color indicates correlation level, red indicates positive correlation, and blue indicates negative correlation. *Represents Significant 
Mark, *P<0.05, **P<0.01, ***P<0.001.
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hypertriglyceridemia and weight gain by causing the accumulation of triglycerides, and promoting systemic inflamma-
tory responses.26 Similarly, the LPS group rats in the present study observed a significant increase in weight gain. 
Although the weight gain of rats in the LYC group did not decrease significantly, the TG concentration was reduced, and 
the inflammation caused by LPS was alleviated. Meanwhile, lipid metabolism disorders such as excessive saturated fatty 
acids cause mitochondrial dysfunction and produce large amounts of ROS.27 LYC can inhibit the oxidative stress caused 
by excessive saturated fatty acids and increase the activities of antioxidant enzymes.28 Furthermore, LYC may interfere 
with LPS proinflammatory signalling pathway by impacting the lipid metabolism pathway. Among several KEGG 
metabolic pathways enriched in this study, GPI-anchor synthesis was noted. It is established that an inflammatory 
response to be induced by LPS binding to CD14 protein and TLR4/MD2 receptor. CD14 known as a GPI-anchor protein 
is mainly found in rafts, which are areas of the plasma membrane that are abundant in sphingolipids and cholesterol.5 

Lipid rafts are essential to LPS-induced inflammatory signalling pathways. It has been found that lipid rafts formed by 
CD14 aggregation are the sites of the generation and turnover of essential regulators of lipid-dependent steps of LPS, 
such as PI(4,5)P2, controlling two pathways of TLR4 signalling inflammatory response.29,30 LYC has been shown to 
impede the translocation of TLR4 to lipid rafts induced by LPS, and inhibit the LPS/TLR4-induced inflammatory 

Figure 8 Correlation analysis of cytokines and oxidation indices with significantly changed PE. (A) Heat map from cluster analysis of dramatically modified PE (in positive ion 
mode). Each column in the picture corresponds to a sample, and each row to a distinct PE. Between LPS+LYC and LPS, there were appreciable differences in the amounts of 
several PE types. Heat map of the correlation analysis between the significantly changed PE and the serum cytokines (B), and the epididymal cytokines (C), and the 
epididymal oxidation index (D). The color indicates correlation level, red indicates positive correlation, and blue indicates negative correlation. *Represents Significant Mark, 
*P<0.05, **P<0.01, ***P<0.001.
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response.31 According to the findings of this study, LYC may disrupt the LPS signalling pathway in lipid rafts and 
prevent the production of inflammatory cytokines through the GPI-anchors synthesis.

Correlation Between Lipids and Biochemical Indices
Curious as to which lipids were significantly associated with improving inflammation, we analyzed the correlations of various 
lipids with serum cytokines, epididymal cytokines, and oxidation indicators to screen for potential biomarkers. LPC (14:0) was 
one of the screened lipid molecules in this research. The role of LPC in the development of inflammation mainly depends on the 
length and saturation of the acyl chain. As an illustration, LPC (16:0) and LPC (18:0) are efficient pro-inflammatory mediators 
that promote the release of inflammatory factors IL6 and IL8 by endothelial cells. LPC (22:6) suppresses the synthesis of 
inflammatory mediators as a polyunsaturated acyl, to antagonize inflammation induced by saturated fatty acids.32 Consistent with 
previous studies, LPC (14:0), as a saturated LPC, was positively correlated with the levels of cytokines IL-α, IL-β, TNF-α, IL-6 
and MCP-1 and positively correlated with MDA, reflecting the degree of inflammatory damage. The previous study suggested 
that LPC (14:0) in preoperative plasma of patients with esophageal squamous cell carcinoma is a marker metabolite for 
evaluating the prognosis of patients.33 In another study, LPC (14:0) <0.24nmol/L is independently associated with gestational 

Figure 9 Correlation analysis of cytokines and oxidation indices with significantly changed LPC. (A) Heat map from cluster analysis of dramatically modified LPC (in positive 
ion mode). Each column in the picture corresponds to a sample, and each row to a distinct LPC. Between LPS+LYC and LPS, there were appreciable differences in the 
amounts of several LPC types. Heat map of the correlation analysis between the significantly changed PC and the serum cytokines (B), and the epididymal cytokines (C), and 
the epididymal oxidation index (D). The color indicates correlation level, red indicates positive correlation, and blue indicates negative correlation. *Represents Significant 
Mark, *P<0.05, **P<0.01, ***P<0.001.
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diabetes risk.34 There are few publications on LPC (14:0) in studies pertaining to inflammation, and the potential application 
value of LPC (14:0) in this field deserves attention. In addition, PC (20:5e) was also found to be significantly positively correlated 
with all cytokines and MDA levels examined. Lipid metabolites opposite to their effects are LPC (18:2) and LPC (22:2). They 
were negatively correlated with MDA and positively correlated with TAOC, indicating antioxidant capacity, according to the 
present study. At present, the evidence for LPC’s importance as the biomarker to inflammation and oxidative stress is further 
developed.5,32,35 Moreover, LPC also has the benefit of being a marker of fertility in that, in contrast to proteins, it is a non- 
specific marker that may be useful in both human and animal sperm.36 The lipid compounds identified in this study as potential 
biomarkers still require comprehensive studies to confirm their therapeutic applicability.

Conclusion
This study demonstrated that LYC prevents inflammation and reduces oxidative stress in LPS-induced epididymitis, and is 
a substitute supplement for chronic epididymitis. Plasma lipidomics as evaluated by LC-MS demonstrated that LYC could 
regulate lipids. This new theoretical perspective, combined with established findings, suggests that LYC exerts anti-inflammatory 
and anti-oxidative effects by integrating lipid metabolism and inflammatory response, which is a possible pathway mechanism 

Figure 10 Correlation analysis of cytokines and oxidation indices with significantly changed DG&TG. (A) Heat map from cluster analysis of dramatically modified DG&TG 
(in positive ion mode). Each column in the picture corresponds to a sample, and each row to a distinct DG&TG. Between LPS+LYC and LPS, there were appreciable 
differences in the amounts of several PC types. Heat map of the correlation analysis between the significantly changed DG&TG and the serum cytokines (B), and the 
epididymal cytokines (C), and the epididymal oxidation index (D). The color indicates correlation level, red indicates positive correlation, and blue indicates negative 
correlation. *Represents Significant Mark, *P<0.05, **P<0.01, ***P<0.001.
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for LYC. Furthermore, the potential value of identified lipids as markers in genital tract inflammation deserves attention, and 
clinical utility will be further verified in future studies.
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