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The dysbiosis of gut flora and its metabolites plays important roles in the progression of hyperlipidemia (HL), and some bioactive peptides are available for HL treatment. In this study, we aimed to isolate an active peptide (AR-9) from active peptides of E. sinensis (APE) and determine whether AR-9 could improve many symptoms of a HL rat induced by a high-fat diet (HFD) by modulating gut flora and its metabolites. Above all, AR-9 was derived from APE using ion-exchange chromatography, and its structure was deconstructed by Fourier transform infrared spectrometer (FT-IR), circular dichroism (CD) spectroscopy, and UHPLC-Q-Exactive-Orbitrap MS. Then, an HFD-induced HL model in SD rats was established and used to clarify the regulatory effects of AR-9 (dose of 3 mg/kg) on HL. Normal diet–fed rats were taken as the control. The plasma samples and liver were harvested for biochemical and histopathological examinations. 16S rRNA gene sequencing and untargeted metabolomics were sequenced to assess changes in gut flora and its metabolites from rat fecal samples. Finally, Spearman’s correlation analysis was used to assess the relationship between lipid-related factors, gut flora, and its metabolites so as to evaluate the mechanism of AR-9 against HL. The results of the separation experiments showed that the amino acid sequence of AR-9 was AVFPSIVGR, which was a fragment of the actin protein from Blattaria insects. Moreover, HFD rats developed exaltation of index factors, liver lipid accumulation, and simple fibrosis for 8 weeks, and the profiles of gut flora and its metabolites were significantly altered. After treatment, AR-9 decreased the levels of lipid factors in plasma and the extent of liver damage. 16S rRNA gene sequencing results indicated that AR-9 significantly increased the relative abundance of beneficial bacteria Bacteroidetes and reduced the relative abundance of the obesity-associated bacteria Firmicutes. Furthermore, AR-9 changed gut microbiota composition and increased the relative abundance of beneficial bacteria: Lactobacillus, Clostridium, Dehalobacterium, and Candidatus arthromitus. Fecal metabolomics showed that the pathway regulated by AR-9 was “arginine biosynthesis”, in which the contents were citrulline and ornithine. Spearman’s correlation analysis revealed that two metabolites (ornithine and citrulline) showed significantly negative correlations with obesity-related parameters and positive correlations with the gut genera (Clostridium) enriched by AR-9. Overall, our results suggested interactions between gut microbial shifts and fecal amino acid/lipid metabolism and revealed the mechanisms underlying the anti-HL effect of AR-9. The abovementioned results not only reveal the initial anti-HL mechanism of AR-9 but also provide a theoretical basis for the continued development of AR-9.
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INTRODUCTION
Hyperlipidemia, which is accompanied by an increase in triglycerides (TGs), total cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C), is a common clinical metabolic disease (Huang et al., 2019). In addition, with the change in people’s diet structure, it has become one of the major risks for many diseases, including hypertension, atherosclerosis, diabetes, vascular dementia, and coronary heart disease (Yao et al., 2020), and its incidence has increased significantly in all age groups (Owens et al., 2014).
Gut flora has been found to play an important role in regulating lipid metabolism via the changes in their composition and metabolites (Nicholson et al., 2012). In numerous previous studies on HL, the relative abundances of Firmicutes and Bacteroidetes, which are the most two abundant phyla of gut flora, were significantly altered. In the intestinal flora of patients with HL, the relative abundances of Firmicutes were significantly increased, while the content of Bacteroidetes was significantly decreased. At the genus level, the levels of beneficial bacteria, consisting of Lactobacillus, Bacteroides, and Clostridium, were decreased, while the levels of harmful bacteria, such as Bacillus, Coccus and Streptococcus, were increased (Indiani et al., 2018). Furthermore, gut flora is widely regarded as the largest endocrine organ of the human body, which can generate a variety of bioactive metabolites, such as amino acids, bile acids, lipids, phospholipids, and short-chain fatty acids (Nicholson et al., 2012). Among them, short-chain fatty acids and amino acids, which were generated by fermenting dietary fiber and protein by special bacteria (Lactobacillus, Bifidobacterium, and Clostridium), can inhibit lipid production and accelerate lipid oxidation by mediating signaling pathways to achieve regulation of lipid factors (Rom et al., 2020). Hence, the composition of gut flora and changes in its metabolites, which are revealed using appropriate technologies, are of great significance for the diagnosis of HL and the discovery of the mechanism after drug treatment. However, it is a challenge to fully demonstrate the composition of gut flora using traditional microbiological techniques. Also, the levels of metabolites from gut flora are also difficult to be detected by conventional analytical methods with factors of low response and impurity interference. Nowadays, 16S rRNA sequencing technology has been widely used in the identification of intestinal flora (Alanee et al., 2019). Moreover, metabolomics based on ultra-high performance liquid chromatography-high resolution mass spectrometry (UHPLC-HRMS) has also been used to excavate the types and content changes of metabolites (Li et al., 2017).
Tubiechong (Eupolyphaga sinensis Walker, E. sinensis) used in traditional Chinese medicine (TCM) was first recorded in Shennong’s Herbal Classic written during the Han dynasty (Liu et al., 2019). Many reports have indicated that E. sinensis shows multiple pharmacological effects, such as reducing blood stasis, anticoagulant, antitumor, anti-mutation, and hypoxia tolerance. The fact that protein is the main component of E. sinensis has been found in previous experiments (Liu et al., 2019; Zhang et al., 2019). It is well-known that a protein cannot be directly absorbed by the body because of its high molecular weight and complex structure. In contrast, the peptides are much smaller than large proteins and they can easily fulfill the need for mid-size therapeutics with in vivo absorption efficiency (Shen et al., 2017). Therefore, bioactive peptides should show stronger biological activities than the precursor protein.
Based on the hypolipidemic effect and high protein reserves of E. sinensis, in this study, the APE was first obtained by biomimetic enzymatic hydrolysis consisting of pepsin and trypsin. Then, a range of separation techniques were used to excavate and analyze AR-9 in APE. Furthermore, the structure and source of AR-9 were simultaneously resolved based on chemical composition analysis methods and related databases. At the same time, a HFD-induced-rat model was used to evaluate the different activities of AR-9 and APE on anti-HL. Moreover, the possible mechanism of AR-9 against HL will be initially predicted by 16S rRNA sequencing technology and the untargeted metabolite profiling combined with Spearman’s analysis. Therefore, the present study aimed to assess the effects of AR-9 on HL induced by a high-fat diet and its influence on the gut microbiota and its metabolites in HL rats.
MATERIAL AND METHODS
Materials
E. sinensis was purchased from Hebei Hongsen Pharmaceutical Co., Ltd (Hebei, China). The specimens were preserved at the chemical laboratory of Binzhou Medical University. Pepsin (2,500 U/mg) and trypsin (5,000 U/mg) were all obtained from Shanghai Sinopharm Reagent Group Co., Ltd (Shanghai, China). The kits of total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Isolation and Purification of AR-9
E. sinensis after pulverization was added into deionized water to the concentration of 10% (weight/volume). After being denatured for 10 min at 90°C and cooled to 40°C, the pH of the sample was adjusted to 2.0 with 1.0 M HCl. The solution was then supplemented with pepsin (1.0% of the drug) and subjected to enzymatic hydrolysis for 1.0 h. Thereafter, the pH of the primary solution was adjusted to 8.0 with 1.0 M NaOH before the addition of trypsin (1.0% of drug), followed by incubation for 3.0 h with stirring. Finally, the enzymatic solution was soaked in boiling water for 15 min to inactivate the enzymes. The mixture was then centrifuged at 5,000 rpm for 10 min.
The resulting supernatants were separated into different constituents using an ultrafiltration cartridge of a 3,000 Da nominal molecular weight cut-offs (NMWC) membrane (Shanghai Mosu Scientific Equipment Co., Ltd). For salt removal, the abovementioned solution was passed through 500-Da dialysis membranes and lyophilized. The lyophilized sample was redissolved with deionized water and further isolated using a DEAE-Sepharose Fast Flow anion-exchange column (2.6 × 40 cm). The column was equilibrated with 0.03 mM Tris-HCl buffer (pH 8.0). The sample was added to the protein chromatography system (AKTA explorer 10.0) and eluted with a stepwise gradient of NaCl aqueous solutions (from 0.1 to 2 M) prepared in Tris-HCl buffer. The fractions were combined according to the number of elution peaks to gather them. After dialyzing, freeze-drying, and concentrating, the fractions which include AR-9 were obtained (Li et al., 2018; Singh et al., 2020).
The collected components were analyzed by reversed phase-high-performance liquid chromatography (RP-HPLC) to obtain the highest purity compound of AR-9. The separation was achieved on Waters symmetry C18 column (250 × 4.6 mm, 5 µm). The mobile phases consisted of (A) water containing 0.1% trifluoroacetic acid and (B) acetonitrile (ACE) containing 0.1% trifluoroacetic acid (Mant et al., 2016). The gradient of the mobile phases was set as follows: 0–20.0 min, 10–55% B; 20.0–25.0 min, 55% B; 25.0–26.0 min, 55–10% B; and 26.0–30.0 min, 10% B. The injection volume was 10 µl, and the wavelength was 220 nm.
Structural Elucidation of AR-9
As we know, CD spectroscopy of protein is highly sensitive toward the secondary structure and the same applies for peptides. Therefore, the secondary structure of AR-9 was analyzed by CD spectroscopy using the reported method (Liu et al., 2020). Moreover, the types of functional groups contained in AR-9 could be detected for FT-IR (Hackshaw et al., 2020). The AR-9 mixed with potassium bromide was flaked and then measured using an FT-IR spectrometer (Shimadzu IRTracer-100, JPN) in the wavelength range of 4,000–400 cm−1 at 30°C.
Finally, the complete amino acid sequence of AR-9 was determined by an Easy nLC1200-Q-Eaxtive plus mass spectrometer (Thermo Fisher Scientific, MA, United States) which contained a binary pump, an autosampler, and a column oven. The bioZenTM peptide XB C18 column (150 × 0.075 mm, 2.6 µm) was used as a separation medium, mobile phase A was deionized water (0.1% formic acid, FA), ACE with 0.1% FA was set as mobile phase B. Seven microliter AR-9 (10 mg dissolved by 100 ml 0.1% FA) was injected into the analysis platform and separated using a linear gradient elution: 0–3 min, 2–6% B; 3–42 min, 6–20% B; 42–47 min, 20–35% B; 47–48 min, 35–100% B; 48–60 min, 100% B. The flow rate was 300 nL/min.
The ESI-MS/MS information of AR-9 was collected using a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, MA, United States) with a data-dependent scan mode. The mass range of the MS scan was set to m/z 350–1,800 in the positive mode with a resolution of 70,000, and the precursor ion of AR-9 (Charge state ≥+1) was fragmented with the high-energy collision of 28.0 NEC. The temperature of the capillary was 275°C, and the spray voltage was set as 2,200 V. The product ions were measured on an orbit with a resolution of 17,500 (AGC 1e5). For dynamic exclusion, the specific parameters were as follows: a repeat duration of 25 s and exclusion duration of 25 s.
Establishment of an HL Rat Model and Treatments
A total of 30 male Sprague–Dawley (SD) rats (SPF level, weighing 180–200 g) were purchased from Jinan Pengyue Experimental Animal Breeding Co., Ltd (Shandong, China, SYXK (RU)2019-0003). Before experimental interventions, all animals must be maintained under standard animal room conditions (temperature 24 ± 2°C, humidity 55–60%, 12/12 h light/dark cycles) with standard feed and water ad libitum for 1 week. Afterward, all rats were randomly divided into the control group (Con, six rats) and the HL group (24 rats) according to body weight. The rats in the control group were fed normal rodent chow (Pengyue, Shandong, China), and those in the HL group were fed with a HFD, containing a standard chow diet (65%), sucrose (20%), lard (15%), cholesterol (5%), sodium cholate (5%), and 5% yolk powder (Huafukang, Beijing, China) for 8 weeks (Zheng et al., 2020). Then, the rats in the HL group were again allocated into the four following groups: the model group (Mod, n = 6), simvastatin group (Sim, n = 6) at the dose of 5 mg/kg/d (drug weight/body weight/day), APE group (APE, n = 6) at the dose of 25 mg/kg/d, and AR-9 group (AR-9, n = 6) at the dose of 3 mg/kg/d. This dose was determined based on the percentage of AR-9 in APE (12% of APE by area normalization method, Supplementary Table S1). Except for the Con group, other rats were still fed a HFD during 3 weeks of treatment.
Collections and Preparation of Biological Samples
After the final gavage, all rats were starved for 12 h, receiving only deionized water. Fresh feces from all rats were collected and stored at −80°C refrigerators for fecal metabolomics and intestinal microbial analysis. The rats of five groups were killed in parallel using 10% pentobarbital sodium by intraperitoneal injection. The blood samples were collected from the abdominal aorta and were centrifuged (3,500 rpm for 15 min, 4°C) to obtain plasma for biochemical analysis (TC, TG, LDL-C, and HDL-C). The tissues of the liver were fixed in 4% paraformaldehyde fixation (PFA) (Servicebio, Wuhan, China) for subsequent analysis.
Analysis of Plasma Cytokines and Liver Histopathological Examination
The levels of TG, TC, LDL-C, and HDL-C in plasma samples from all rats were measured using a microplate reader (SpectraMax iD5, MD, United States). The hepatic tissues fixed in 4% PFA were dehydrated and embedded in paraffin, cross-sectioned into 4-µm-thick slices, and stained with hematoxylin–eosin (H&E). The sections of the remaining liver tissues were cleaned with PBS and cultured with 60% isopropanol for 5 min and then dyed in 0.5% Oil Red O staining liquid (Sigma, MO, United States) for 20 min. After being cleaned by PBS, all sections were then stained with hematoxylin stain (Solarbio Science and Technology, Beijing, China) for 2 min. The abovementioned indicators were all used to evaluate the anti-HL function of AR-9.
Untargeted Metabolomic Analysis of Gut Flora Metabolites
Sample Preparation
The fecal pellets stored at −80°C were freeze-dried and crushed. 100 mg powders were ultrasonically extracted with 500 µl cold water and 500 µl cold ethanol for 30 min in succession. Then, the two extracts were combined and centrifuged (10,000 rpm for 15 min, 4°C); the resulting supernatant was collected and evaporated by nitrogen at 4°C (Yu et al., 2017). These residues were redissolved using 100 µl of 50% methanol and centrifuged at 4°C for 15 min at 15,000 rpm to obtain the supernatant for further analysis. In addition, a 10 µl solution from each fecal sample was mixed and marked as quality control (QC) samples. The stability of the instrument needed to be calibrated using QC samples after every five fecal samples.
Data Acquisition for Fecal Untargeted Metabolomics
Chromatographic separation was performed on a Dionex Ultimate 3000 UHPLC system equipped with a WPS-3000 TRS autosampler, a TCC-3000RS column oven, and an HPG-3400RS binary pump (Dionex Softron GmbH-Part of Thermo Fisher Scientific, Germany). An ACQUITY UPLC BEH HILIC column (150 mm × 2.1 mm, 1.7 µm) was operated at 40°C. The mobile phase comprised (A) 0.1% FA in water and (B) ACE with a flow rate of 0.3 ml/min. The elution parameters were 0.00–5.00 min, 5% A; 5.00–6.00 min, 5–20% A; 6.00–10.00 min, 20–25%; 10.00–13.00 min, 25–40%; 13.00–16.00 min, 40%; 16.00–16.10 min, 40–5%; 16.10–20.00 min, 5% A.
The ion spray voltages were set at 3.5 kV in the positive ion mode and 3.0 kV in the negative ion mode. The auxiliary gas flow was 10 arb, sheath gas flow was 30 arb, the mass range of the MS scan was m/z 70–1,050, auxiliary gas heater temperature was 350°C, and capillary temperature was 320°C.
Multivariate Analysis of LC-MS/MS Data
The LC-MS/MS data were processed with Compound Discoverer 3.0 software (Thermo Fisher Scientific, MA, United States) for noise cancellation, baseline correction, and normalization to obtain reliable data sets with some information, including m/z, peak intensity, and retention time.
Afterward, the processed data sets were added to SIMCA-P 14.0 software (Umetrics, Sweden) for performing the principal component analysis (PCA) and orthogonal to partial least squares-discriminate analysis (OPLS-DA). Among them, PCA was applied to discriminate the interesting separation trend of all groups. OPLS-DA was used to characterize metabolic perturbation of HL. In addition, S-plots were used to screen the differential metabolites of HL treated by AR-9 combined with other judgment methods, such as variable importance in projection (VIP) (generated in the OPLS-DA mode) and p-value (formed from relative intensity). The structures, molecular weights, and codes of differential metabolites were assigned according to the human metabolome database (https://hmdb.ca/).
Intestinal Microbiota Analysis by 16S rRNA Gene–Based Amplicon Sequencing
Fecal DNA Extraction and PCR Amplification
Bacterial DNA was isolated from fecal samples using the cetyltrimethylammonium bromide (CTAB) method (He et al., 2018). The DNA concentration from all samples was detected by 1% agarose gels. Then, DNA was diluted to 1 ng/μl using sterile water. The extracted DNA from each sample was used as the template to amplify the V3–V4 region of 16S rRNA genes using PCR (Zhang et al., 2016). All PCR reactions were performed in 30-µl reactions with 15 µl of Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs), 0.2 µM of forward and reverse primers, and approximately 10 ng of template DNA. The purity of PCR products was examined using electrophoresis (2% agarose gels).
16S rRNA Gene–Based Amplicon Sequencing and Bioinformatic Analysis
The sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) according to the manufacturer’s recommendations, and index codes were added. The library quality was assessed on the Qubit @ 2.0 Fluorometer (Thermo Scientific). At last, the library was sequenced on an Illumina NovaSeq platform.
Appropriate methods including ANOVA and LEfSe were used to identify the bacteria with different abundance among samples and groups (Love et al., 2014; Mandal et al., 2015). Alpha diversity and beta diversity were calculated using the core-diversity plugin within QIIME2 (Hall et al., 2018). Among them, the alpha diversity indices, such as observed operational taxonomic units (OTUs), Chao1 richness estimator, Shannon’s diversity index, and Faith’s Phylogenetic Distance, were calculated to estimate the microbial diversity within an individual sample. The observed OTUs and Chao1 indices reflect the abundance of species and, in addition, the Shannon and Simpson indices were applied to measure the abundance and diversity of the species contained in the samples (Yang et al., 2019). The beta diversities were manifested as PCoA and NMDS analysis. LEfSe analysis was used to compare species with significant differences among groups.
Statistical Analysis
All results were analyzed using statistical product and service solutions (SPSS) 22.0 software and were presented as Mean ± SD. One-way ANOVA and Student’s t-test were used to assess statistical significance for multiple comparisons among the different groups. p < 0.05 and p < 0.01 were defined as statistically significant. The statistical analyses and figures were performed using GraphPad Prism 8.0 software.
The Spearman correlation analysis was performed to determine the potential correlations of the intestinal microbial, differential metabolites, and biochemical indicators. The correlations of the abovementioned three variables were visually displayed using heat maps, separately. Finally, the intestinal microbes and biomarkers that reflect the anti-HL function of AR-9 were extracted.
RESULT
Isolation, Purification, and Structural Elucidation of AR-9
The result of APE separated by anion-exchange chromatography is shown in Figure 1A, and six fractions were obtained and named F1–6, respectively. We then collected these fractions for peptide sequencing and found that AR-9 was the most abundant in relative abundance in F5 (Supplementary Table S2). The result of RP-HPLC indicated that the purity of AR-9 from F5 was 96.5% according to the area normalization method (Figure 1B).
[image: Figure 1]FIGURE 1 | Results of separation and structural analysis of AR-9. (A) Anion-exchange chromatography elution curve, (B) RP-HPLC of F1-F6, (C) IR spectrum of AR-9, (D) CD spectrum of AR-9, (E) corresponding sequence was determined from this spectrum as AVFPSIVGR, (F) and (G) molecular structure and conformational prediction of AR-9.
FT-IR spectroscopy has been confirmed to be a valuable tool for providing information on protein secondary structural changes. Under normal conditions, a peptide can generate several infrared-active amide vibrational modes (Tatulian 2019): amide A (−3,300 cm−1), amide B (3,100–3,050 cm−1), amide I (1,700–1,600 cm−1), and amide II (1,570–1,540 cm−1). As shown in Figure 1C, the FT-IR spectrum of AR-9 exhibited a spectral band at 1,666 cm−1, which prompted the presence of αⅡ-helical structure in AR-9; the bands around 3,300 cm−1 and 3,100 cm−1 illustrated that they were generated by Fermi resonances between amide II and NH stretching vibrations. The amide I band mostly consists of C=O stretching vibrations and C-N groups, while the amide II band not only consists primarily of N–H bending but also C-N and C-C stretching vibrations (Tiernan et al., 2020). Moreover, broad absorption peaks at 750 cm−1, 690 cm−1, and 1,200 cm−1 were detected, indicating that AR-9 might comprise a benzene ring structure.
For CD analysis, almost all disordered proteins can be shown to have remarkably similar characteristics with a negative peak in the region of around 190–200 nm (Lopes et al., 2014). As shown in Figure 1D, the CD spectrum of AR-9 exhibited a strong negative band around 198 nm and a positive band around 223 nm. The analysis by the CDNN software calculates that the α-Helix accounts for 9.8%, the β-turn for 22.4%, the random coil for 32.8%, and the β-sheet for 34.9%.
LC-MS/MS is an available tool for the identification, quantification, and analysis of peptides. In the large majority of cases, the identification of peptide sequences has been enabled from collision-induced dissociation (CID) MS2 spectra using database search tools (Guthals et al., 2012). The resulting fragments associated with several b and y ions correlated to the major peptide fragment produced in the MS/MS spectra further also confirmed the characterization of peptides. As shown in Figure 1E, AR-9 could generate a variety of diagnostic product ions (DPIs) at m/z 72.08 (b1), m/z 171.11 (b2), m/z 318.19 (b3), m/z 175.11 (y1), m/z 232.13 (y2), m/z 331.21 (y3), m/z 444.29 (y4), m/z 531.33 (y5), m/z 628.38 (y6), and m/z 775.45 (y7). The molecular weight of the entire peptide was 944.54280. The fragment ion at m/z 72.08 was produced due to the loss of hydroxyl groups (17 Da) of alanine. The fragment ions at m/z 775.41 ([M-171.11+2H]+) and m/z 628.38 ([M-318.19+2H]+) indicated the presence of valine ([b2-b1+H2O]) and phenylalanine ([b3-b2+H2O]). Moreover, the loss of proline ([y6-y5+H2O]), serine ([y5-y4+H2O]), isoleucine ([y4-y3+H2O]), valine ([y3-y2+H2O]), glycine ([y2-y1+H2O]), and y1-arginine ([M + H]+) was detected. Therefore, the amino acid sequence of AR-9 was speculated as alanine–valine–phenylalanine–proline–serine–isoleucine–valine–glycine–arginine (AVFPSIVGR). In order to determine the correctness of the inferred structure, AR-9 was synthesized by solid-phase peptide synthesis and re-analyzed using UPLC-MS/MS with the same method. DPIs and retention time of synthetic were consistent with those of the isolated compound.
The physical and chemical indicators of AR-9 were predicted using the PepDraw database (http://pepdraw.com/) and the PEPFOLD3 database (https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/) (Figures 1F,G), and the results showed that the isoelectric point of 11.18 has good hydrophilicity for hydrophilicity index 8.21 kcal/mol. In addition, AR-9 should belong to a fragment for the actin protein of American cockroach (Blatta americana) using UniProt (https://www.uniprot.org/).
AR-9 Ameliorated Lipid-Related Factors in Plasma and Lipid Accumulation in Hepatic Tissues in the HFD-Induced HL Model
To evaluate the lipid-lowering effect of AR-9, the rats were fed a HFD for 8 weeks to establish a HL model. Next, the rats were administered the corresponding drugs for 3 weeks. HFD feeding induced considerable abnormalities in blood lipids, as evidenced by the marked increase in the plasma levels of TC, TG, and LDL-C (p < 0.05) and the decrease of HDL-C compared with the levels in the normal diet–fed rats. After treatment, AR-9 and APE all mitigated these adverse changes, compared to the model group, and AR-9 and APE could reduce the levels of TG, TC, and LDL-C and increase the level of HDL-C. Interestingly, the ability of AR-9 to resist the lipid is stronger than that of APE (Figure 2F).
[image: Figure 2]FIGURE 2 | Results of anti-HL activity of AR-9. Con: control group, Mod: high-fat diet group, APE: APE treatment group, and Sim: simvastatin calcium administration group. (A) Rat liver photographs in test groups. (B) H&E staining (scale bar, 200 μm) of rat livers in groups. (C) H&E staining (scale bar, 50 μm) of rat livers in groups. (D) Oil Red O staining (scale bar, 500 μm) of rat livers in groups, and (E) Oil-Red O staining (scale bar, 50 μm) of rat livers in groups. (F) Hypolipidemic effect of AR-9 (TC, TG, LDL-C and HDL-C levels in the plasma of rats). n = 5–6. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 and #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 vs. Con or Mod group. The arrows indicate lipid droplets. The circles indicate vacuolar hepatic steatosis.
Simultaneously, we assessed the color, morphology, and lipid accumulation in the livers from different groups. As shown in Figures 2A–E, HFD feeding led to severe microvascular steatosis, hepatic steatosis, and increased lipid deposition. In contrast, AR-9 treatment significantly decreased lipid deposition and alleviated hepatic steatosis and liver injury compared with the observations in HL rats. A lipid-regulating effect was also observed in the Sim-treated rats.
AR-9 Significantly Improved the Profile of Metabolite from Gut Microbiota in the HFD-Induced HL Model
The data for the feces metabolic profiles of the Con, Mod, and AR-9 groups were patterned by an unsupervised PCA method. The results are shown in Figure 3A, D. Among them, QC samples were closely clustered, suggesting the stability of the system during sample analysis. Moreover, there was a clear separation between the three groups. For OPLS-DA analysis (Figures 3B,E), the feces metabolic profiles were significantly different between the Con group and the Mod group and the Mod group and AR-9 group. Likewise, seven-round cross-validation and 200 time-permutation testing showed that the OPLS-DA models were robust. Also, the S-plot scores (Figures 3C,F) could be used to screen and identify differential metabolites in the OPLS-DA model. Based on the threshold of VIP>1 and p < 0.05, finally, a total of 31 representative compounds showed significant changes between the Con and Mod groups. The results are shown in Table. 1; Figure 4. Among them, 11 metabolites were significantly increased in rats after being administered AR-9.
[image: Figure 3]FIGURE 3 | Effects of AR-9 on metabolic parameters in HL rats and correlation analysis. (A) Negative PCA score plot. (D) Positive PCA score plot. (B) Negative OPLS-DA plots (R2X = 0.315, R2Y = 0.997, Q2 = 0.756, p-value of CV-ANOVA = 0.0473). (E) Positive OPLS-DA plots (R2X = 0.433, R2Y = 0.979, Q2 = 0.795, p-value of CV-ANOVA = 0.0293). (C) Negative S-plots. (F) Positive S-plots. (G) Fecal sample pathway analysis between Con vs. Mod. (H) Fecal sample pathway analysis between AR-9 vs. Mod.
TABLE 1 | Identified potential biomarkers regulated by AR-9.
[image: Table 1][image: Figure 4]FIGURE 4 | Results of 31 differential metabolites among three groups. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 and #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 vs. Con or Mod group. AR-9 Treatment restored the dysbiosis of the gut microbiota in HL rats induced by HFD.
To clarify the exact pathways of AR-9 resisting HL, differential metabolites with Con vs. Mod were imported into the MetaboAnalyst database (MetaboAnalyst). The results of the pathway analysis revealed that there were three primary disturbed pathways (p < 0.05) of feces between Con vs. Mod, involving 1) phenylalanine metabolism; 2) arginine biosynthesis; 3) histidine metabolism. Moreover, there were two primary disturbed pathways (p < 0.05) of feces between AR-9 vs. Mod, involving 1) arginine biosynthesis and 2) arginine and proline metabolism. The color and size of each circle in Figures 3G,H were based on the p-values and pathway impact values, respectively. The results suggested that the disturbed pathways in response to HL and AR-9 treatment were mainly arginine biosynthesis.
In this study, 18 fecal samples from the Con, Mod, and AR-9 groups were used to evaluate the ameliorating effect of AR-9 on the symptoms of HL in rats. The high-throughput sequencing yielded a total of 1,463,160 reads, which passed all quality filters with a 97% identity threshold to obtain a total of 11,017 species classification OTUs.
To verify whether the sequencing amount of this study was large enough to reflect the diversity of the original microorganisms, Alpha diversity analyses (e. g. Chao1, observed OTUs, Faith’s Phylogenetic Distance, Shannon, and Simpson) were conducted on the results of 16S rRNA sequencing based on the 97% similarity level. It could be found from Figures 5E,F that the Con group presented a more diverse bacterial community than the Mod group. Furthermore, bacterial diversity was also increased in rats treated with AR-9. Venn plots could visually show the structural similarity and overlap of species in different groups of samples (Wang et al., 2016). Overall, the Mod, Con, and AR-9 groups shared 445 common species, while the AR-9 group had 955 unique species and the Mod group had 649 unique species (Figure 5D).
[image: Figure 5]FIGURE 5 | Intestinal microbiota analysis results of AR-9 treatment of HL. The histogram of species distribution at the phylum (A) and genus (B) levels in three groups was revealed by 16S rRNA sequencing (different colors represent different bacteria at phylum or genus levels). (C) Taxonomic cladogram generated by LEfSe analysis showing the differences of bacterial abundance on the genus level. (D) Venn diagram for bacterial communities of Con, Mod, and AR-9 groups. (E) Chao1 and (F) observed OTUs represent alpha-diversity indexes for each sample group. (G) PCoA analysis among Con, Mod, and AR-9 groups. (H) NMDS analysis among Con, Mod and AR-9 groups. (I) Results of four differential dominant bacteria at the genus level among AR-9 groups. *p < 0.05, **p < 0.01 and #p < 0.05, and ##p < 0.01 vs. Con or Mod group.
The beta diversities were described by a principal component analysis (PCoA analysis) and a non-metric multidimensional scaling (NMDS) analysis. Both PCoA (Figure 5G) and NMDS (Figure 5H) analyses showed that there were different clusters among the three groups, suggesting significant community differences. A long-term HFD led to a decrease in the number of OTUs in rats, but the situation reversed with AR-9 intervention. Taken together, the results demonstrated that AR-9 treatment modulated gut flora dysbiosis in HFD-induced rats, resulting in the restoration of a microbial community similar to that in controls.
Figures 5A,B show the results of species annotation analysis at the phylum and genus levels in three groups. At the phylum level, Firmicutes and Bacteroidetes were the most predominant phylum in gut bacteria of rats and account for the mainly relative abundance in all samples, as shown in Figure 5A. Compared with the Con group, Bacteroidetes in the Mod group decreased, while Firmicutes increased. In contrast, compared to the Mod group, Firmicutes decreased in AR-9 group, whereas Bacteroidetes increased. The differently abundant taxa among experimental samples were identified using linear discriminant analysis effect size (LEfSe) (Ge et al., 2021). The analysis was performed at the taxonomic level from phylum to genus (Figure 5C). In terms of the whole genera composition, a total of 12 genera showed significant differences in the Con group compared with those in the Mod group, of which four taxa were more abundant in AR-9 than that in Mod, while only one taxon was significantly more abundant (p < 0.05). The relative abundance of selected taxa in the Mod group relative to the AR-9 group is shown in Figure 5I. According to the results, the four bacterial genera with significant differences in relative abundance were Lactobacillus, Clostridium, Dehalobacterium, and Candidatus Arthromitus. Especially, Clostridium was present in a significantly lower proportion in the Mod group than the AR-9 group (p < 0.01).
Spearman’s Correlation Analysis Revealed the Mechanism of AR-9 Against HL.
The correlations, which were applied to represent the covariation in perturbed gut flora genus, altered fecal metabolites, and lipid factors were analyzed by the Spearman correlation analysis. As shown in Figure 6A, the result between lipid factors and altered fecal metabolites revealed that multiple metabolites, such as citrulline, ornithine, lactic acid, m-aminobenzoic acid, 5-aminopentanoate, pantothenate, and 2-methyl-3-hydroxy-5-formylpyridine-4-carboxylate, showed significantly negative (p < 0.05) correlations with TC, TG, and LDL-C levels. These results indicated that the abovementioned compounds might be pivotal metabolites of the beneficial function of AR-9. Hereafter, the correlations between gut flora and lipid factors were revealed (Figure 6B). Among them, the relative abundances of Clostridium and Candidatus Arthromitus showed negative correlations with TC, TG, and LDL-C levels, while only the relative abundance of Clostridium exhibited a positive correlation of HDL-C. Simultaneously, the relative abundances of 14 bacteria showed significantly positive trends with TC, TG, and LDL-C and the obviously negative correlations of HDL-C. Certainly, the close correlations between gut flora and metabolites were also found (Figure 6C), and the correlation results showed that Clostridium had significant positive correlations between citrulline and ornithine. The abovementioned results indicated that AR-9 mostly regulated the arginine biosynthesis pathway via acting on Clostridium. Moreover, citrulline and ornithine should be used as biomarkers of AR-9 in the treatment of HL.
[image: Figure 6]FIGURE 6 | Spearman’s correlation analysis results of omics data. (A) Heatmap of the correlations between plasma lipid parameters and fecal metabolites. (B) Heatmap of the correlations between plasma lipid parameters and microbial genus abundances. (C) Heatmap of the correlations between microbial genus abundances and fecal metabolites. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Con group.
DISCUSSION
The first-line medicine for the treatment of HL includes three categories: statins, fibrates, and niacin (Oh et al., 2020). The abovementioned drugs have clear curative effects on HL, but their obvious side effects are also extremely prominent. Bioactive peptides, which are especially obtained from plants and animals, have been reported to exhibit the hypolipidemic activity accompanied by their securities (Shen et al., 2017). Previously, most peptide drugs were injected into the circulatory system to prevent and treat diseases. Oral delivery of peptide therapeutics as a convenient alternative to injections has been an area of research for the pharmaceutical scientific community for the last several decades (Tyagi et al., 2018). In this study, AR-9 was separated from APE with ion-exchange chromatography, and its structure was also characterized by multiple analysis methods. Meanwhile, the HFD-induced HL SD rat model was established to evaluate the anti-HL activity of AR-9. The results showed that AR-9 could not only significantly reduce TG, TC, and LDL levels (p < 0.05) but also increase HDL amounts in plasma. In addition, AR-9 reduced the accumulation of lipids in the liver based on Oil Red O staining and alleviated liver damage, which was caused by HFD.
In order to find out the mechanism of AR-9 against HL, the profiles of gut flora and its metabolites were studied in detail by 16S rRNA sequencing and fecal metabolomics. In gut flora results, a HFD significantly increased the relative abundance of Firmicutes and decreased that of Bacteroidetes; however, AR-9 reversed this trend. At the genus level, AR-9 could upregulate the relative abundance of four bacteria: Lactobacillus, Clostridium, Dehalobacterium, and Candidatus Arthromitus. Among them, Lactobacillus and Clostridium were directly related to metabolic diseases, such as type 2 diabetes, HL, atherosclerosis, and hepatic steatosis (Cotillard et al., 2013; Staley et al., 2017). The connection was mainly embodied through metabolites produced by the two bacterial groups, including short-chain fatty acids, amino acids, and their derivatives.
Many studies had shown a positive correlation between HL and amino acid metabolism, such as tryptophan metabolism and arginine and proline metabolism. (Liang et al., 2021). In the present study, an analysis strategy of metabolic profiling of fecal endogenous metabolites was utilized to further explore the beneficial effect and the potential mechanism of AR-9 in relieving HL. The results showed that biomarkers of AR-9 against HL were ornithine and citrulline. Citrulline is a substrate for renal arginine synthesis, and arginine is the precursor of NO, which is the most important vasodilator generated by vascular endothelial cells under NO synthase (Li et al., 2016). The NO supplementation can activate AMP-activated protein kinase (AMPK) and its downstream targets to inhibit de novo lipid biosynthesis (Khalaf et al., 2019). Meanwhile, ornithine, as another degradation product of arginine, plays an important role in the treatment of metabolic diseases. This function may be related to the ability of ornithine to stimulate glucose-dependent insulin secretion and inhibit the rate of sugar-to-lipid conversion.
Citrulline and ornithine are produced under the fermentation of gut flora, proteins, and bioactive peptides. Lactobacillus, Bacteroides, and Clostridium have been illustrated to have the abovementioned function (Staley et al., 2017). Coincidentally, in this study, the results of Spearman’s correlation analysis between perturbed gut flora genus, altered fecal metabolites, and lipid factors showed that AR-9 may directly upregulate the levels of citrulline and ornithine via the metabolic function of Clostridium to achieve a beneficial effect of treating HL (Figure 7). However, the truly interactive relationship between AR-9 and Clostridium has not been revealed and verified. Many studies have confirmed that active peptides can be more easily absorbed into the circulatory system by converting to small molecules (Shen et al., 2017). Moreover, the activities of the original peptides may also be manifested by pathways mediated by the small molecules. Future studies will be needed to verify the proposed mechanism by which AR-9 exerts anti-hyperlipidemia effects in the present study.
[image: Figure 7]FIGURE 7 | Effects of AR-9 in the rat with HL. The green arrows indicate downregulation effects, and the red arrows represent upregulation effects.
CONCLUSION
In this study, the effects of AR-9 on lipid factors and gut flora in SD rats with HFD-induced HL were studied. AR-9 could regulate the levels of TG, TC, LDL-C, and HDL-C in plasma and repair the damaged liver function. For gut flora and metabolomics, AR-9 mostly regulated the arginine biosynthesis pathway via acting on Clostridium.
Dyslipidemia, the disorder of lipid metabolism, and decreased diversity and abundance of gut flora were ubiquitous in HL. It was proven by metabolomics that the metabolic profile of the feces of the rats in the HL group changed significantly. At the same time, the effect of AR-9 on preventing HL was evaluated. The existence of a link between metabolic biomarkers and the gut microbial has an important influence on the host. AR-9 can regulate amino acid metabolism, increase the diversity and abundance of gut flora, regulate the structure of gut flora, and thus contribute to health. This study identified key functional bacteria and potential biomarkers of HL in rats and established a correlation between them and AR-9 treatment. All results in this study will provide support for the continued development of AR-9.
There are some limitations of the present study. First, the identified differences in gut microbials and metabolites for diagnostic and prognostic evaluations were not verified by further study. Second, AR-9 is administered in a single dose. Third, the interactive relationships between AR-9 and Clostridium and anti-HL of AR-9 and its absorbed components urgently should be resolved. Accordingly, the findings of the current study will be further investigated for uncovering the metabolic and microbial basis of AR-9 in the treatment of HL.
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