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Consumption of lipid-rich foods can increase the blood cholesterol content. β-glucans have hypocholesterolemic effect. However, subtle changes in their molecular branching can influence bioactivity. Therefore, a comparative investigation of the cholesterol-lowering potential of two β-glucans with different branching patterns and a cholesterol-lowering drug, namely simvastatin was undertaken employing the zebrafish (Danio rerio) model of diet-induced hypercholesterolemia. Fish were allocated to 5 dietary treatments; a control group, a high cholesterol group, two β-glucan groups, and a simvastatin group. We investigated plasma total cholesterol, LDL and HDL cholesterol levels, histological changes in the tissues, and explored intestinal transcriptomic changes induced by the experimental diets. Dietary cholesterol likely caused the suppression of endogenous cholesterol biosynthesis, induced dysfunction of endoplasmic reticulum and mitochondria, and altered the histomorphology of the intestine. The two β-glucans and simvastatin significantly abated the rise in plasma cholesterol levels and restored the expression of specific genes to alleviate the endoplasmic reticulum-related effects induced by the dietary cholesterol. Furthermore, the distinct patterns of transcriptomic changes in the intestine elicited by the oat and microalga β-glucans impacted processes such as fatty acid metabolism, protein catabolic processes, and nuclear division. Oat and microalgal β-glucans also altered the pattern of lipid deposition in the liver. Our study provides insights into the effectiveness of different β-glucans to alleviate dysfunctions in lipid metabolism caused by dietary cholesterol.
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INTRODUCTION

The drastic shift in the global food system has driven a new trend in consuming calorie-rich and highly processed foods (1). Increased consumption of lipid-rich diets is directly correlated with the risk of cardiovascular diseases (CVDs) (2, 3). Cholesterol is one of the main components in the western diet, but it is not an essential nutrient for vertebrates as this form of lipid can be synthesized de novo (4). However, cholesterol obtained from diets is known to have a significant impact on lipoproteins and their levels in the blood (5). The two classes of lipoproteins, namely high density lipoprotein (HDL) and low density lipoprotein (LDL) have distinct properties. LDL is considered as the main proatherogenic lipoprotein. Accumulation and subsequent oxidation of LDL in the arterial wall triggering an inflammatory response is a critical step toward the development of atherosclerosis (6). On the other hand, HDL performs cholesterol efflux from peripheral tissues to the liver, and the lipoprotein is known to possess anti-inflammatory and antioxidative effects as well as LDL oxidation lowering ability (7). The liver and intestine are the two principal organs that regulate the circulating lipoproteins and cholesterol homeostasis in the body, and specific receptors are known to facilitate metabolism linked to bile and dietary cholesterol (8, 9). The dietary cholesterol, along with other lipids and the synthesized apolipoproteins forms chylomicrons (10, 11), which are finally released into the blood. The endogenous pathway of cholesterol metabolism generates LDLs and the amounts of LDL cholesterol present in the circulation is largely determined by the rate of uptake by specific receptors in the liver (12). If the cholesterol content of the hepatocytes is high, LDL receptor activity is decreased (13), causing a reduction in the uptake of LDL by the hepatocytes. This in turn increases the amounts of LDL in circulation. Higher LDL cholesterol content in the blood is directly associated with lifestyle diseases like ischemic heart disease and stroke (3, 14).

Dietary and endogenous factors are known to adversely affect cholesterol uptake and biosynthesis, but some diet components, paradoxically, can stall the progression of lifestyle diseases by regulating the total circulating cholesterol and LDL-cholesterol levels. In fact, encouraging outcomes through dietary and therapeutic interventions have spurred an interest in developing strategies to manage LDL-cholesterol through diet. Targeting LDL-cholesterol reduction through diets is a better approach because medicines are associated with many side effects. Statins are a class of drugs commonly used to manage hypercholesterolemia. These drugs though effective, exhibit myotoxic side effects which include myalgia, myositis and rhabdomyolysis (15, 16). As an alternative, dietary intervention can be adopted to maintain cholesterol homeostasis. The benefits of using natural bioactive compounds are multifaceted if they are employed to arrest hypercholesterolemia (17, 18). β-glucans found in plants, microalgae and fungi have several unexploited properties, and subtle changes in their structural organization can elevate their efficacy. For example, fungal β-glucans, with β-(1, 3) backbone and (1, 6) linkages, have immunostimulatory and anti-tumor properties (19). In contrast, β-glucan from cereals, which have β-(1, 4) linkages, help lower cholesterol and blood glucose (20). The marine microalga Phaeodactylum tricornutum, is a rich source of β-glucan (21), and this polysaccharide has a linear chain of β-(1, 3) linkage and branching at the C-6 position (22). Studies have reported that the functionality and biopotency of β-glucans are largely determined by their molecular structure (23). Although branching differences between microalgal β-glucans and oat glucans are well known (24), it is unclear how these structural differences affect bioactivity in vivo. It is plausible that β-glucans from different sources are recognized by specific receptors, the affinity of which varies based on the molecular structure of the β-glucans (25). In addition, each β-glucan type may have its distinct gel-forming ability (26), prebiotic property (27) and influence on microbiota to affect the blood cholesterol levels (28). Moreover, we cannot discount the effect of interaction of these polysaccharides with other food components. Consumption of oat β-glucan with food and juices lead to different outcomes in humans. For example, beverages enriched with oat is effective in decreasing the LDL or total cholesterol in humans (29), whereas bread with oat β-glucan can decrease LDL cholesterol, total/HDL cholesterol ratio and LDL/HDL cholesterol ratio (30) indicating the impact of the food matrix on the efficacy of β-glucans.

A comparative investigation of dietary β-glucans from two sources with different molecular structures was undertaken employing a zebrafish model of hypercholesterolemia. Zebrafish is considered a valuable model species to understand abnormalities in lipid metabolism that result in disease progression. Fundamental lipoprotein pathways are conserved in humans and zebrafish (31) and adult zebrafish fed a cholesterol-rich diet are highly susceptible to hypercholesterolemia (32, 33). This model also allowed us to test the therapeutic potential of two dietary components which can eventually be considered as hypercholesterolemia-controlling agents in humans (34). We targeted the intestine tissue because of its importance in dietary lipid uptake and regulation of cholesterol metabolism (35).

We hypothesized that dietary β-glucans with different molecular structures may influence the circulating cholesterol levels and their associated responses in the intestine. RNA sequencing was employed to understand the underlying impact of dietary cholesterol, β-glucans and simvastatin on the intestinal cholesterol metabolism of zebrafish at a molecular level.



MATERIALS AND METHODS


Experimental Fish

Three hundred male (14-month-old) zebrafish, Danio rerio, were used for the experiment. To obtain this experimental fish stock, the adult fish were bred in-house in the zebrafish facility of Nord University, Norway, following standard protocols (36). The eggs were maintained in E3 medium and incubated at 28 °C in an incubator until hatching i.e., at around 50 h post-fertilization. From 4 to 14 days post-fertilization, the larvae were fed the commercial micro diet Zebrafeed® (SPAROS Lda, Olhão, Portugal) of <100 μm particle size and Artemia nauplii, ad libitum. From 15 days post-fertilization (advanced larval stage) onwards, they were fed only micro diets of 100-200 μm particle size (Zebrafeed®). On month 14, the fish were randomly distributed into 30 tanks (6 tanks per treatment group) of a freshwater flow-through system (Zebtec Toxicological Rack, Tecniplast, Varese, Italy) with 3.5 L tank capacity. The stocking density was ten fish per tank. The fish were acclimatized in the flow-through system for 2 weeks and were fed control diet during this period. The water temperature in the tanks was 28 ± 0.5°C, and the water flow rate was 2.5 L/h. The dissolved oxygen in the tanks ranged between 7 and 8 ppm (oxygen saturation > 85%). A 14L:10D photoperiod was maintained throughout the experimental period.



β-Glucans, Diets and Feeding Experiment

The alga β-glucans employed in the present study originated from the microalga Phaeodactylum tricornutum, strain SAG 1090-1b (culture collection from the University of Goettingen) also designated as CCAP strain 1052/1B or UTEX 640. P. tricornutum (SAG 1090 1b) grown under nitrogen-depleted conditions in flat panel airlift reactors was harvested, concentrated via centrifugation to 250–270 g L−1 (Clara 20, Alfa Laval) and frozen at −20°C. For further processing, the biomass was thawed and diluted to 100 g L−1 with deionized water. After disrupting the algal cells with a ball mill (PML-2, Bühler), the biomass was centrifuged and the supernatant, containing the enriched fraction of β-glucan, was freeze-dried (Cat. Number: J326XP-IM-4, Avanti J-26 XP, Beckman Coulter). Besides β-glucan, the alga product contained a low level of protein (3.7%) and fat (<0.5%), and the remaining fraction could be presumed as other soluble carbohydrates. The oat β-glucans used in the study was a commercial product PromOat® (Lantmännen Oats AB, Sweden). According to the manufacturer, the oat β-glucan product also contains high levels of other carbohydrates including starch and low amounts of protein (4%) and fat (0.5%). SPAROS Lda. prepared the five experimental diets (Supplementary Table 1): 4 high-cholesterol diets and 1 control diet. The high cholesterol diet (HC) had 5.1% inclusion of purified cholesterol. We selected this level based on previous studies on zebrafish (32, 33). A standard low cholesterol diet without supplementation of purified cholesterol served as the control diet (CT). The fatty acids in the two basal diets, CT and HC (Supplementary Table 2) were profiled by Eurofins Food Testing Lisboa (Alcochete, Portugal).

The algal (AG) and oat glucan (OG) diets had 2.5% (with 30% purity, final content 0.8%) each of alga-derived and oat-derived β-glucans, respectively incorporated into the HC diet. The SS diet contained 50 mg kg−1 of simvastatin (Cat. Number: S6196, SigmaAldrich, St. Louis, MO, USA) in the HC diet; the inclusion level was based on a previous study (37). Thus AG, OG and SS diets had all the ingredients in the HC diet in addition to the respective test compound. The daily feeding rate was 4% of total biomass per day. The fish were fed thrice a day during the 12-week feeding trial; at 08:00, 13:00, and 18:00.



Sampling

At the end of the experimental period, fish were sacrificed by immersing in 200 mg L−1 of tricaine methane sulfate (Cat. Number: E10521, SigmaAldrich), which was buffered with 200 mg L−1 of sodium bicarbonate (Cat. Number: S5761, SigmaAldrich). Blood drawn by tail ablation method (38) was collected in a heparinized tube, and was centrifuged at 5,000 g for 10 min at 4 °C to collect the plasma (n = 5 per group; 5 fish from each tank pooled). The middle intestine (n = 5 to 6 per group) was carefully dissected and snap-frozen in liquid nitrogen followed by storage at −80°C until use.



Plasma Total Cholesterol, LDL Cholesterol and HDL Cholesterol Estimation

The total, LDL, and HDL cholesterol levels in the plasma were estimated using the HDL and LDL/VLDL Cholesterol Assay Kit (Cat. Number: ab65390, Abcam, Cambridge, UK). Plasma from five fish per tank was pooled and considered as one replicate sample. Two microliters of this pooled plasma were used for quantifying the total, LDL- and HDL-cholesterol content, following the manufacturer's instructions.



Transcriptomic Analysis of Intestine

To extract total RNA, the frozen intestine samples were briefly homogenized in QIAzol lysis reagent (Cat. Number: 79306, Qiagen, Hilden, Germany) at 6,500 rpm for 2 × 20 s in a Precellys 24 homogenizer (Cat. Number: P000669-PR240-A, Bertin Instruments, Montigny-le-Bretonneux, France). RNA was extracted from the tissue homogenate using Direct-zol™ RNA MiniPrep (Cat. Number: R2052, Zymoresearch, CA, USA) following the manufacturer's instructions. The RNA concentration and integrity were determined using Qubit 4 Fluorometer (Cat. Number: Q33238, Thermo Fisher Scientific, Waltham MA, USA) and Tape Station 2200 (Cat. Number: G2964AA, Agilent Technologies, Santa Clara, CA, USA). Only RNA samples exhibiting RIN value >7 were used to construct the RNA-Seq libraries. Libraries were prepared as described in our previous publication (39) using the NEBNext Ultra™ RNA Library Prep Kit (Cat. Number: E7760S, NE Biolabs, Ipswich, MA, USA) with the poly (A) mRNA magnetic isolation module (Cat. Number: E7490S, NE Biolabs). Briefly, one μg of total RNA was used for library preparation and after Poly(A) enrichment, mRNA was fragmented to 100–200 nt length. Next, the first and second strands of cDNA was synthesized, and then the cDNA was purified, end-repaired and used for adaptor ligation followed by barcoding using NEBNext Multiplex Oligos (Cat. Numbers: E7600S and E7780S, NE Biolabs). PCR enrichment was done for nine cycles, and the amplified libraries were purified using AMPure XP beads (Cat. Number: A63881, Beckman Coulter, Inc., Brea, USA). The barcoded libraries were then pooled and loaded at 1.4pM on the Illumina NextSeq 500 sequencer (Cat. Number: SY-415-1001, Illumina, San Diego, CA, USA) using the NextSeq 500/550 High Output Kit (Cat. Number: FC-404-2005, Illumina) for 75 bp single-end sequencing at the genomics platform of Nord University (Bodø, Norway). The average mapping percentage for the whole data set was 91.4% (Supplementary Table 3).



Bioinformatic Analysis

The quality of the reads was assessed using the fastQC command. Adapter sequences and low quality reads (Phred quality score, Q<30) were trimmed from the raw reads using the fastp software (40). The reads were then aligned to the reference zebrafish genome downloaded from NCBI (release 100) using HISAT2, version 2.2.1, which uses an indexed reference genome for alignment (41). The reads were annotated using featureCounts to obtain the read counts that belong to each gene (42). Differential expression analyses of the genes across the treatment groups was performed using the R package DESeq2 (version 1.30.0). Transcripts with an absolute Log2 fold change of 1 and an adjusted p-value (q-value) of < 0.05 (Benjamini-Hochberg multiple test correction method) were considered significantly differentially expressed and used for gene ontology (GO) and KEGG pathway analysis. The gene ontology enrichment was performed with Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.8 and the clusterProfiler package (version 3.18.0) in R. The packages ggplot2 (version 3.3.3), pheatmap (version 1.0.12) and GOplot (version 1.0.2) were employed to visualize the data. Gene ontology networks were generated using Cytoscape (43) (version 3.8.2). In addition, long lists of gene ontology terms were summarized into non-redundant terms using the REViGO online tool (44).



Histological Analysis of the Liver and the Intestine

The liver and the mid-intestine samples (n = 8 per group) were fixed in 3.7 % (v/v) phosphate-buffered formaldehyde solution (pH 7.2) at 4 °C for 24 h. Standard histological procedures were followed for dehydration, processing, and paraffin embedding as described by Bancroft and Gamble (45). The paraffin blocks thus prepared were sectioned using a microtome (Microm HM355S, MICROM International GmbH, Walldorf, Germany). Four micrometer thick longitudinal sections were cut and mounted on SuperFrost® slides (Menzel, Braunschweig, Germany). A robot slide stainer Microm HMS 760X (MICROM International GmbH) was used to stain the intestine sections with Alcian Blue (Cat. Number: A3157, SigmaAldrich) and Periodic Acid Schiff's Reagent (Cat. Numbers: 375810 and 1.09033, SigmaAldrich)(AB-PAS, pH 1) and the liver sections with hematoxylin (Cat. Number: H9627, SigmaAldrich) and eosin (Cat. Number: 861006, SigmaAldrich). Light microscopy photomicrographs were taken with the Leica DM3000 LED microscope (Leica Camera AG, Wetzlar, Germany) fitted with Leica MC 190HD camera (Leica Camera AG). The software ImageJ (46) was used for quantifying the histological indices. The histological indices that were evaluated were: length of the villi, width of lamina propria, submucosa thickness and tunica muscularis thickness, as described in our previous publication (47) (Supplementary Figure 1). Liver vacuolation was assessed by evaluating two parameters-average lipid vacuole area and average lipid vacuole number in a selected area of the liver (Supplementary Figure 2). Shapiro-Wilk test and Bartlett's test were employed to confirm the data normality and homoscedasticity, respectively. Parametric t-test and one-way ANOVA were performed where the normality assumptions were met. In the case of non-parametric data, statistical differences were identified using the Wilcoxon-Mann-Whitney test and Kruskal-Wallis test. Tukey's test (parametric data) and Dunn's test (non-parametric data) were employed to understand the differences between groups of interest.



qPCR Verification of the RNA Seq Results

Differential expression of selected genes from the transcriptome data was verified by qPCR analysis. The same samples used for RNA-Seq were employed for qPCR-based verification, and reactions were run with a sample size of 5 per group. One μg of total RNA from each sample was reverse transcribed using the QuantiTect reverse transcription kit (Cat. Number: 205311, Qiagen), according to the manufacturer's instructions. The cDNA was further diluted ten times with nuclease-free water and used as a PCR template. The PCR reactions were conducted using the SYBR green (Cat. Number: 04707516001, Roche Holding AG, Basel, Switzerland) in LightCycler® 96 Real-Time PCR System (Cat. Number: 05815916001, Roche Holding). Relative expression of selected genes was determined based on the geometric mean of reference genes (actb1, eef1a and rpl13α), for which we employed the primers that are reported previously (48). We designed the primers for the selected genes using the Primer-BLAST tool in NCBI. The primers were then checked for secondary structures such as hairpin, repeats, self and cross dimer by NetPrimer (Premier Biosoft, Palo Alto, USA). The primers for the target genes are listed in Supplementary Table 4. The data were checked for normality (Shapiro-Wilk test) and homoscedasticity (Bartlett's test), based on which, the statistical difference was determined by Student t-test or Welch two-sample t-test.




RESULTS

In the present study, we fed adult zebrafish with a control low cholesterol diet (CT) or high cholesterol diets (HC, AG, OG, SS) that contained 5.1% cholesterol.


Purified Dietary Cholesterol Altered the Plasma Cholesterol Profile

We examined the effect of purified dietary cholesterol on different cholesterol species that are present in the plasma of adult zebrafish. Total, LDL- and HDL-cholesterol in fish fed the HC diet was compared with those of the CT group. We found an apparent (p < 0.1) increase in the total cholesterol content and a significant (p < 0.05) increase in the LDL-cholesterol content in the plasma of the HC group (Figures 1A,B). On the other hand, the HDL-cholesterol levels of the two study groups were not significantly different (Supplementary Figure 3A).


[image: Figure 1]
FIGURE 1. Total and LDL-cholesterol levels in the plasma of zebrafish fed a low or a high cholesterol diet. Boxplots show the total cholesterol (A) and LDL-cholesterol (B) levels (mg dL−1) in the plasma of zebrafish fed either a control (CT) diet or a high cholesterol (HC) diet for a period of 12 weeks. Black dots inside each box indicate the mean values of the corresponding groups. * indicates p < 0.05 and • indicates p < 0.1.




β-Glucans and Simvastatin Reduced the Plasma Cholesterol Levels

The effect of supplementation of different forms of β-glucans and simvastatin on the plasma cholesterol level in zebrafish was assessed to evaluate their effectiveness in keeping the proatherogenic lipoprotein levels under control. We found a significant reduction of total cholesterol in the AG and OG groups compared to the HC group (Figure 2A). The LDL-cholesterol in the AG, OG and SS were lower compared to the HC group (Figure 2B). Again, we did not observe significant differences in the plasma HDL-cholesterol of the treatment groups (Supplementary Figure 3B).


[image: Figure 2]
FIGURE 2. Total and LDL-cholesterol levels in the plasma of zebrafish fed glucans or simvastatin. Boxplots show total cholesterol (A) and LDL-cholesterol (B) levels (mg dL−1) in the plasma of zebrafish fed high cholesterol (HC) diet or HC diet supplemented with either algal glucan (AG) or oat glucan (OG) or simvastatin (SS), for a period of 12 weeks. Black dots inside each box indicate the mean values of the corresponding groups. **indicates p < 0.01 and * indicates p < 0.05.




Dietary Cholesterol Affected Steroid and Bile Biosynthesis and Endoplasmic Reticulum-Linked Genes in the Intestine

To assess whether the cholesterol content in the HC group impacted the cholesterol metabolism in the intestine, we compared the transcriptomes of the HC group and the CT group. The analysis revealed 71 downregulated and 109 upregulated genes (|Log2 fold-change| ≥ 1, q-value < 0.05) in the HC group compared to the CT group (Supplementary Table 5). The KEGG pathway enrichment analysis of the downregulated genes revealed significant suppression of steroid biosynthesis, terpenoid backbone biosynthesis and primary bile acid biosynthesis pathways. We found significant enrichment of pathways such as protein export, phagosome, and protein processing in the endoplasmic reticulum (ER) by the upregulated genes (Figure 3A).


[image: Figure 3]
FIGURE 3. KEGG pathways and GO terms that were enriched in zebrafish fed a high cholesterol diet. (A) Significantly altered KEGG pathways in the high cholesterol diet (HC) group, based on the altered genes in the HC group compared to the low cholesterol (CT) diet group. Each treatment group consisted of at least five biological replicates. (B) Chord diagram showing the link between the enriched GO terms and the associated genes that were detected as downregulated in the HC vs. CT group comparison. Genes that were considered for the enrichment analyses are shown on the left half of the circle. The gradient color bar intensity varies with the Log2 fold change.


Furthermore, the GO analysis revealed significant enrichment of several associated biochemical processes like cholesterol and sterol metabolic processes, sterol and steroid biosynthetic processes because of the downregulated genes in the HC group (Figure 3B). On the other hand, the GO enrichment analysis with the upregulated genes led to the enrichment of ER membrane, ER lumen and nuclear outer membrane reticulum membrane network (Figure 4).


[image: Figure 4]
FIGURE 4. Network showing the link between enriched GO terms and the associated genes that were upregulated in zebrafish fed the high cholesterol (HC) diet compared to the control (CT) diet. Genes that were considered for the enrichment are written near the red circles. The gradient color bar intensity varies with the adjusted p value (Benjamini-Hochberg method) for each GO term. Node size of each GO term increases with the number of mapped genes.




Algal Glucan Regulated the Expression of Genes Involved in the Intestinal Lipid Metabolism and Vacuole Formation

Since the plasma cholesterol levels were affected by algal glucan supplementation in the zebrafish diet, we hypothesized that the algal glucans could alter the cholesterol metabolism in the intestine. To assess this, we compared the intestinal transcriptome of the AG group with that of the HC group. This analysis revealed 19 downregulated and 43 upregulated genes (|Log2 fold-change| ≥ 1, q-value < 0.05, Figure 5A, Supplementary Table 6) in the AG group. Several important genes that regulate the lipid metabolism - cytochrome P450, family 4, subfamily V, polypeptide 8 (cyp4v8), ATP-binding cassette, sub-family F (GCN20), member 2a (abcf2a), vacuole formation-cathepsin L.1 (ctsl.1), cathepsin Bb (ctsbb), IFI30 lysosomal thiol reductase (ifi30) and ER stress-calumenin a (calua) were differentially regulated by the algal β-glucan. GO analysis based on the upregulated genes revealed significant enrichment of vacuole, lytic vacuole and lysosome (Figure 5B). Our analysis did not detect any significant enrichment of KEGG pathways based on the differentially expressed genes from the AG vs. HC group comparison.


[image: Figure 5]
FIGURE 5. Genes and GO terms that were regulated in zebrafish fed the algal glucan diet. (A) Differentially expressed genes obtained by comparing the algal glucan group (AG) with the high cholesterol (HC) group (|Log2 fold-change| ≥ 1, q-value < 0.05). (B) Bar plot showing enriched GO terms in the AG group, based on genes that were upregulated in the AG group compared to the HC group. Bar colors represent the gene count. For both analyses, each treatment group consisted of at least five biological replicates.




Oat Glucan Altered Genes Associated With Lipid Metabolism and Endoplasmic Reticulum in the Intestine

Transcriptomic analysis of the oat glucan group revealed 177 upregulated and 223 downregulated genes (|Log2 fold-change| ≥ 1, q-value < 0.05, Supplementary Table 7). The gene ontology analysis of the upregulated genes revealed processes like autophagy, steroid hydroxylase activity, lipid catabolic process and lipid oxidation (Figure 6A). The GO analysis of the downregulated genes revealed the suppression of several processes like response to ER stress, ER associated protein degradation (ERAD) pathway and de novo protein folding (Figure 6B). KEGG pathway enrichment analysis using the differentially expressed genes revealed the activation (based on the upregulated genes) of PPAR signaling pathway, fatty acid degradation, mitophagy-animal, primary bile acid biosynthesis and the suppression (based on the downregulated genes) of protein export, ribosome biogenesis in eukaryotes, and protein processing in ER (Figure 7A).


[image: Figure 6]
FIGURE 6. GO terms that were altered in zebrafish fed the oat glucan diet. (A) Chord diagram showing the link between enriched GO terms and the associated upregulated genes in the oat glucan (OG) group compared to the high cholesterol diet (HC) group. Genes that were considered for the enrichment are shown on the left half of the circle. The gradient color bar intensity varies with the Log2 fold change. (B) Enriched GO terms in the OG group. Only the non-redundant GO terms are marked in the bubble plot, and the analysis was performed using the genes that were downregulated in the OG group compared to the HC group. The color of the circles ranging from green to red indicates the order of adjusted p value (0.01–0.049). Circle sizes are proportional to the gene count.
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FIGURE 7. Molecular effects of the oat glucan and simvastatin supplemented diets. (A) KEGG pathways that were altered in zebrafish fed the oat glucan (OG) diet. The enrichment analyses were performed by considering the differentially expressed genes in the OG fed zebrafish compared to the fish fed the high cholesterol (HC) diet. (B) Enriched GO terms in simvastatin fed (SS) group. Only the non-redundant GO terms are marked in the bubble plot, and the analysis was performed using the genes that were downregulated in the SS group compared to the HC group. The color of the circles ranging from green to red indicates the order of adjusted p value. Circle sizes are proportional to the gene number. (C) KEGG pathways that were altered in zebrafish fed simvastatin. The enrichment analyses were performed by considering the differentially expressed genes in the SS group compared to the HC group. Each treatment group consisted of at least five biological replicates.




Simvastatin Impacted Genes Connected to Protein Synthesis and Endoplasmic Reticulum in the Intestine

Transcriptomic analysis of the simvastatin fed (SS) group vs. high cholesterol-fed (HC) group revealed 242 upregulated and 224 downregulated genes (|Log2 fold-change| ≥ 1, q-value < 0.05, Supplementary Table 8). Gene ontology analysis of the downregulated genes revealed the enrichment of several terms like translational elongation, rRNA modification, rRNA metabolic process and peptide biosynthetic process (Figure 7B). KEGG pathway enrichment analysis of the upregulated genes in the SS group revealed activation of lysosome, mitophagy-animal, and other glycan degradation pathways. In contrast, protein export, ribosome biogenesis in eukaryotes and protein processing in ER pathways were likely suppressed by simvastatin feeding (Figure 7C).



The Intestinal Transcriptome Responds Differentially to Diet-Induced Hypercholesterolemia and Cholesterol-Lowering Agents

We examined the genes that were downregulated by dietary cholesterol (HC vs. CT) and upregulated by dietary algal glucan (AG vs. HC), oat glucan (OG vs. HC) and simvastatin (SS vs. HC). Algal glucan, oat glucan or simvastatin were able to restore the expression of the genes that were downregulated by cholesterol feeding (Figure 8, Supplementary Figure 4). We found 13 genes downregulated in the intestine when the fish were fed high cholesterol diet, but their expression was restored by algal glucan feeding. Similarly, we found that the expression of 30 genes was restored by oat glucan feeding. Likewise, simvastatin feeding also helped in bringing back the expression of 38 genes. To understand the differential effects of the oat and algal β-glucans, we explored the disparate alteration of gene expression. Among the 124 highly (|Log2 fold-change| ≥ 2.5, q-value < 0.05) differentially expressed genes obtained from the AG vs. HC and OG vs. HC comparisons, 9 genes were shared and 105 were detected as unique (30 genes in AG vs. HC and 85 genes in OG vs. HC) (Supplementary Figure 5A). Among these 105 uniquely expressed genes, the expression of 95 genes differed in the algal and oat β-glucan fed groups (Supplementary Figure 5B). Twenty-five genes exhibited higher normalized counts in the OG group compared to the AG group. On the other hand, 70 genes exhibited higher normalized counts in the AG group compared to the OG group. Furthermore, the GO analysis of these 95 genes (Supplementary Figure 6) revealed the processes like nuclear division, cellular protein catabolic process, cellular macromolecular catabolic process that were predominantly enriched in group fed algal glucans. On the other hand, GO terms like fatty acid metabolic process, long-chain fatty acid metabolic process and oxoacid metabolic process were predominantly enriched based on the upregulated genes in the OG group compared to the AG group.


[image: Figure 8]
FIGURE 8. Venn diagram showing the total number of genes that were affected by the experimental diets. The pink ellipse includes the genes that were downregulated in the HC group compared to the CT group. Green, yellow and gray ellipses include genes that were upregulated (compared to the HC group) in the AG, OG and SS groups, respectively. Thirteen (2 + 11), 30 (2 + 5 + 11 + 12) and 38 genes (12 + 15 + 11) that were downregulated in the HC group were upregulated in the AG, OG and SS groups, respectively.




Diets Altered the Vacuolization in the Liver and Micromorphology of the Intestine

We assessed the changes in hepatocyte vacuoles to understand the probable consequence of plasma hyperlipidemia; by measuring the average size and number of vacuoles in a selected area of the liver. We did not observe a significant increase in either the size or number of vacuoles in the fish fed high cholesterol diet (HC) compared to the CT diet (Supplementary Figure 7). On the other hand, the HC diet group had significantly larger vacuole area in their liver compared to the OG, AG and SS groups. Also, a trend for a lower number of vacuoles was observed in the OG (p = 0.07) and SS (p = 0.08) groups compared to the HC group (Figure 9). Fish fed the HC diet had longer intestinal villi compared to the CT group (Supplementary Figure 8). Furthermore, the algal glucan fed group had shorter villi compared to the HC and OG groups. The HC diet also significantly reduced the lamina propria thickness compared to the other groups and tunica muscularis thickness compared to glucan fed groups (Figure 10).


[image: Figure 9]
FIGURE 9. Lipid accumulation in the liver of zebrafish fed four experimental diets. (A) Representative images of the liver of zebrafish. Scale bar = 50 μm. Boxplots show average size (B) and average number (C) of vacuoles in the liver of fish fed high cholesterol (HC) diet or HC diet supplemented with either algal glucan (AG) or oat glucan (OG) or simvastatin (SS), for a period of 12 weeks. Black dots inside each box indicate the mean values of the corresponding groups. * indicates p < 0.05 and • indicates p < 0.1. Each treatment group consisted of eight biological replicates.



[image: Figure 10]
FIGURE 10. Micromorphology and feature indices of the intestine of the zebrafish. Representative images (A) from the different study groups. Scale bar = 100 μm. Boxplots show average villi length (B), lamina propria width (C), submucosa thickness (D) and tunica muscularis thickness (E) in the mid intestine of the fish fed experimental diets for a period of 12 weeks. Black dots inside each box indicate the mean values of the corresponding groups. ** indicates p < 0.01, * indicates p < 0.05, and • indicates p < 0.1. Each treatment group consisted of eight biological replicates.




Verification of the Expression of Selected Genes From the Transcriptomic Data

From our RNA-Seq data, we selected 7 differentially expressed genes from different group comparisons for verification by qPCR (Figure 11A). These genes have critical functions in maintaining cholesterol homeostasis through regulation of cholesterol and bile acid biosynthesis (hmgcra, abcf2a, cyp27a7), vacuole formation (ctsl.1), protein synthesis (xpo1a), molecular chaperoning (endog) and lipoprotein (ldlra) receptor expression. Overall, the alterations in the expression of the selected genes agreed with the changes in the transcriptomic data (Figure 11B).


[image: Figure 11]
FIGURE 11. Verification of the expression of selected genes from the transcriptomic data. (A) Relative expression of 7 selected genes in the intestine of the zebrafish. CT, fish fed low cholesterol; HC, fish fed high cholesterol; AG, fish fed algal glucan; OG, fish fed oat glucan; SS, fish fed simvastatin. n = 5. *** indicate p < 0.001, ** indicates p < 0.01, * indicates p < 0.05, and • indicates p < 0.1. Each treatment group consisted of five biological replicates. (B) Correlation between the normalized counts from the RNA-Seq data and relative gene expression from the qPCR data.





DISCUSSION

Consumption of a fiber-rich diet can be considered a healthy approach to prevent many diseases, including cancer, obesity, and hypercholesterolemia (49–51). In contrast to cholesterol-lowering drugs, β-glucans, the dietary fibers with bioactive properties, can positively impact lipid metabolism without exerting any side effects (52). Hence, in the present study, we employed two types of β-glucans; one derived from oats and the other from the alga, P. tricornutum. The rationale behind using β-glucans from different sources was to understand their distinct ability to lower cholesterol levels; due to their differential molecular structure, solubility, varying mode of action such as their gel-forming ability, prebiotic nature, effect on bile acids and microbiota. The synergy of β-glucans with their residues, as well as with the components in the food matrix also determines their bioactivity. In fact, for many decades β-glucans were thought to mitigate hypercholesterolemia through their ability to both increase the viscosity of the luminal contents and bind to bile acids (53), a property dependent on the branching pattern of β-glucans. Studies have revealed that consumption of 3 grams of β-glucans per day can mitigate hypercholesterolemia (28). There are certain products with proven cholesterol-lowering potential, e.g., PromOat® (Lantmännen Oats AB, Kimstad, Sweden) and OatWell™ (CreaNutrition, Lutterworth, UK) with European Food Safety Authority (EFSA) certificates; they are marketed in Europe, and the companies tout about the gel-forming ability of their products. On the other hand, a number of supplements for example EcoGard® (EderaGen Helse, Bergen, Norway) composed of fungal β-1,3 / 1,6-glucan and BioGlena™ (Algatechnologies Inc. Eilot, Israel) composed of Euglena gracilis β-1,3-glucan, are marketed as immunomodulators. We have used β-glucans from the microalga P. tricornutum and PromOat® in the present study. It is now well known that the effects of dietary β-glucans go beyond the lumen of the intestine i.e., they can alter the expression of lipid metabolism related genes of the intestinal cells (54). The cellular and molecular effects of β-glucans depend on their interaction with the cells via their specific receptors and signaling pathways. This interaction is dependent on the structural features making the source of β-glucans a vital factor that defines the hypocholesterolemic potential. In this context, the differential efficacy of β-glucans from different natural sources in alleviating hypercholesterolemia should be investigated because the polysaccharides may impact the host organs in multiple ways and with varying efficacies. In the marine diatom P. tricornutum, the main β-glucan form is chrysolaminarin, which consists of a linear β-1,3-glucan chain with limited β-1,6-glucan branching. β-glucans from oat comprise mainly β-D-glucopyranosyl monomers connected by either β-1,3 glucosidic bonds and/or β-1,4 glucosidic bonds. Although not measured in the present study, other researchers have indicated that chrysolaminarin has a low molecular weight, ranging between 1 and 20 kDa (55, 56), while oat beta-glucan has a high molecular weight, around 2,000 kDa (57). We compared these two sources of β-glucans–terrestrial plant (oat) and aquatic plant (microalga)–to enhance our understanding of the source-specific responses in the intestine, a crucial organ that regulates cholesterol metabolism. The plasma profile of zebrafish fed the two sources of glucans revealed that they are equally effective in mitigating hypercholesterolemia. The transcriptome comparisons revealed the plausible differential mode of action exerted by oat and microalga β-glucans to nullify the effects of hypercholesterolemia.


Cholesterol in Diet Altered the Plasma Cholesterol Profile and Cholesterol Synthesis and Affected Important Organelle Functions

In our study, plasma total cholesterol and LDL-cholesterol were higher in adult zebrafish fed the HC diet. Previous studies have also reported that a high cholesterol diet can increase plasma cholesterol levels in adult zebrafish (32, 33). The rise in plasma cholesterol level induced by the high dietary cholesterol could be indicative of increased cholesterol absorption in the intestine or reduced clearance by the liver of the fish. The latter is less likely to be the case because there was no significant change in vacuolization in the liver of fish from the HC group compared to the CT group. Niemann–Pick type C1-like 1 (NPC1L1) receptor, present on the apical surfaces of the intestinal epithelial cells, is an important transporter that facilitates the absorption of diet-derived free cholesterol via enterocytes. The expression of the Npc1l1 gene in the intestine of mice was reduced by cholesterol feeding to maintain homeostasis of cholesterol metabolism (8). However, in our study npc1l1 gene did not respond to 5.1% dietary cholesterol treatment. Another study that employed 3% purified cholesterol also did not report any change in the expression of npc1l1 in the zebrafish intestine (58). This indicates that a homeostasis maintenance to regulate the absorption of cholesterol through the downregulation of npc1l1 gene expression is probably missing in zebrafish intestine. This lack of homeostasis-maintenance mechanism directed toward cholesterol metabolism (59) makes zebrafish a unique model to recapitulate dyslipidemia without any genetic interventions.

Pathway analysis of the differentially expressed genes revealed that high dietary cholesterol levels can suppress de novo synthesis of cholesterol and bile (biosynthesis of steroid/terpenoid/bile acids) in the intestine, probably due to its increased absorption. Under normal circumstances, suppression of endogenous biosynthesis occurs because cholesterol biosynthesis requires significant inputs such as acetyl-CoA, ATP, oxygen and the reducing factors NADPH and NADH (60). Seven genes that are involved in cholesterol biosynthesis were downregulated in the HC diet fed fish, and this included 3-hydroxy-3-methylglutaryl-CoA reductase a gene (hmgcra) that is involved in the formation of mevalonate, a rate-limiting step in cholesterol synthesis. These results probably indicate that zebrafish intestinal cholesterol metabolism is responsive to dietary cholesterol. The high intracellular cholesterol levels are likely to alter the functions of organelles such as ER and mitochondria because the upregulated genes from the HC vs. CT comparison were associated with the GO terms linked to ER and mitochondrial inner membrane and mitochondrial transport. It is known that cholesterol alters the inner mitochondrial membrane, thereby affecting its microviscosity (61, 62). Moreover, high intracellular cholesterol levels also impact the glutathione influx into the mitochondria, thus leading to a higher accumulation of the reactive oxygen species (ROS). The GO terms mitochondrial inner membrane and mitochondrial transport were enriched because of the upregulation of the genes endonuclease G (endog), translocase of inner mitochondrial membrane 50 homolog (S. cerevisiae) (timm50), transmembrane protein 70 (tmem70), solute carrier family 25 member 25b (slc25a25b), solute carrier family 25 member 38b (slc25a38b) and translocase of inner mitochondrial membrane 10 homolog (yeast) (timm10). The gene endog is an important regulator of oxidative stress-mediated apoptosis. Exposure to ROS-producing agents is also known to induce the expression of Endog in rats (63). The slc25a38b gene codes for a protein that interacts with mitochondrial outer-membrane fusion proteins and maintains mitochondrial morphology (64). On the other hand the protein coded by slc25a25b is a calcium-binding molecule that transports nucleotides and cofactors across the mitochondria (65) and is involved in mitochondrial homeostasis. Altered expression of Slc25a25 in mice was implicated in the resistance to diet-induced dysregulation of lipid metabolism (66). Cholesterol may also disrupt the assembly of the respiratory supracomplexes in the mitochondria (67). The genes tmem70, timm50 and timm10 are involved in the transport of different proteins and biogenesis of supracomplexes in the mitochondria (68, 69). We also observed dietary cholesterol-induced upregulation of the phagosome pathway in the HC group. The protein coded by the SEC61 translocon gamma subunit (sec61) gene normally transports proteins from the cytosol to the ER, but it can also reverse transport proteins from the ER to the cytosol for degradation (70). It is known that at least a subset of ER proteins contributes to the phagosome pathway (71). Furthermore, sec61 is involved in transferring membrane protein from the ER to proteasome for destruction (72). These results indicate the impact of dietary cholesterol on ER, mitochondria, lipid metabolism and protein misfolding.



Algal β-Glucan Impacted Certain Genes Connected to Lipid Metabolism and Cholesterol Efflux in the Intestine

Developing diet-based mitigation strategies against CVDs requires an understanding of the impact of therapeutic agents on circulating LDL-cholesterol levels. The reduction of the circulating total and LDL-cholesterol by dietary algal glucan was comparable to the protective effect provided by oat glucan and simvastatin. Although the comparison of the intestine transcriptome of the AG group with that of the HC group did not reveal precise pathways that explain the hypocholesterolemic effect of the algal glucan, the downregulation of key genes linked to lipid metabolism and vacuole formation could be informing the involvement of the molecules in lipid processing in the intestine tissue. Algal glucan possibly activated the processes linked to the GO term lysosome, as inferred from the upregulation of the genes ifi30, ctsbb and ctsl.1. Lysosomes are intracellular membrane-bound organelles characterized by an acidic pH and they contain a variety of hydrolytic enzymes. Cathepsin L1 (Ctsl1) and Cathepsin B (Ctsbb) are the most abundant lysosomal proteases and they participate in autophagy (73). Recognition of β-glucan by the membrane-associated receptors leads to lysosome activation through the unconventional vesicle-mediated secretion (74).

We observed downregulation of keratin 15 (krt15) in the intestine of the algal glucan fed fish. The protein encoded by krt15 is responsible for the structural integrity of mucosa, and it is expressed in the intestinal crypts and villi (75). The human keratin 14 gene is responsive to cellular levels of cholesterol the depletion of which can downregulate the gene (76). The expression of the gene krt15 in our study likely indicates a response to reduced intracellular cholesterol. We also found a marked downregulation of the cyp4v8 gene in the intestine of the alga glucan fed fish. Zebrafish have 94 cyp genes, which perform diverse functions; the cyp4 clan contains four genes, including cyp4v8. Its ortholog in humans, CYP4V2, has been associated with the formation of omega-hydroxylated products (77). Activation of the lysosome pathway and the downregulation of cyp4v8 in zebrafish fed algal glucan diet could be indicating an alteration in cholesterol transport because disturbances in the human ortholog is linked to lysosomal cholesterol transport (78). Another important downregulated gene in the AG group was abcf2a. ATP-binding cassette proteins are involved in the efflux of cholesterol from the intestine back to the lumen (79, 80). Western high energy diets are known to alter this gene, the expression of which is highly cell specific; while the Abcf2 gene was upregulated in the endothelium, its expression in the parenchymal and Kupffer cells of the liver was not changed by the diet (81). Although the precise function of zebrafish abcf2a is not clearly described, its reduced expression indicates that this paralogue may be involved in the basolateral efflux of cholesterol in the intestine (82). Overall, the downregulation of abcf2a, cyp4v8 and krt15 genes indicate a possible effect of the microalgal β-glucan on the intestinal cholesterol metabolism and the efflux of cholesterol in the zebrafish model.



Oat Beta Glucan Enhanced Lipid Catabolism in the Intestine

Dietary oat glucan specifically impacted the lipid metabolism of the intestinal tissue, and most of the GO terms indicated a link to lipid catabolism. The activation of the primary bile acid synthesis pathway in the intestine points towards the conversion of cholesterol to bile acids. Oat β-glucan is known to increase bile excretion, necessitating the de novo synthesis of bile (28). We found an indication of peroxisome activation, probably because of the need for certain enzymes present in the peroxisome (83). The upregulation of cytochrome P450, family 27, subfamily A, polypeptide 1, gene 2 (cyp27a1.2) and cytochrome P450, family 27, subfamily A, polypeptide 7 (cyp27a7) genes are linked to the conversion of cholesterol to bile. We detected the enrichment of PPAR signaling pathway because of the upregulation of, among others, the acyl-CoA dehydrogenase medium chain (acadm) gene that is involved in the breakdown of medium-chain fatty acids in the mitochondria.



Simvastatin Altered Protein Metabolism in the Intestine

Simvastatin is a widely accepted cholesterol-lowering drug. Downregulation of genes and suppression of GO terms linked to ER evoked by both simvastatin and β-glucans validate the ability of glucans to mitigate the effects of high dietary cholesterol in the zebrafish model. Although statins are considered safe hypocholesterolemic drugs for humans, they are often associated with statin-associated skeletal muscle problems (84, 85). The protein synthesis machinery (86) can be impaired, resulting in statin-induced myopathy. Such effects have been reported in zebrafish as well (87). However, we are the first to report simvastatin-caused transcriptomic responses in the intestine of a vertebrate model organism. Based on our results, dietary simvastatin suppressed translation, rRNA modification, rRNA metabolic process and peptide biosynthetic process indicating an impact of the product on the protein synthesis machinery of the intestine. Statin-induced depletion of cholesterol in the striated muscle cells destabilizes membrane potential and alters ion balance in the cells thus affecting protein synthesis (88). Suppression of cholesterol biosynthesis by statins also leads to the deficiency of intermediates like farnesyl pyrophosphate and ubiquinone which are generated during cholesterol biosynthesis. These intermediates are important for sarcoplasm and mitochondrial functions and their unavailability may trigger myopathy (89). Prior studies have also revealed the suppressive effect of cholesterol-lowering drugs on protein synthesis (90). Although simvastatin at 50 mg kg−1 of diet revealed an effect on the protein synthesis in the intestine, the impact on the tunica muscularis thickness in the zebrafish intestine was not evident in the present study. Akin to the observations in the fish fed with algal glucan, simvastatin also led to lysosomal activation. Likewise, ER-related processes were suppressed by both oat glucan and simvastatin.



Adverse Effects of Dietary Cholesterol Were Alleviated by β-Glucans and Simvastatin

The ER membrane holds many enzymes associated with cholesterol metabolism. High cholesterol-induced misfolding of proteins influences ER homeostasis. Several GO terms like endoplasmic reticulum membrane, cellular response to topologically incorrect protein, and cellular response to unfolded protein were enriched in the HC diet group. It has been proposed that cholesterol-induced dysfunction of the ER calcium pumps affects the calcium-dependent chaperones and consequently ER protein folding (91). The subsequent ER stress causes the progression of cardiovascular diseases (92). Our study revealed that all three treatments–algal glucan, oat glucan, and simvastatin–can alleviate the adverse effects on ER in the intestine of the zebrafish. Although the AG vs. HC comparison did not reveal any suppression of GO terms or pathways related to ER stress, we observed the downregulation of the gene calua in fish fed the algal glucan. This gene codes for an ER chaperone protein, a potent suppressor of ER stress mediated signaling cascade and is considered a marker of ER stress. The downregulation of calua expression has also been associated with the attenuation of ER stress (93). Therefore, we speculate that algal glucan can also relieve the intestinal tissue from cholesterol-induced ER stress. Oat glucan and simvastatin, on the other hand, reduced the expression of several heat shock proteins (HSPs) in the intestine. HSPs comprise a group of highly conserved, ubiquitous molecules, promoting proper folding and assembling of polypeptides. An important aspect of unfolded protein response is the upregulation of HSP genes (94, 95). Expression of HSP genes like heat shock protein 5 (hspa5), heat shock protein 90, beta (grp94), member 1 (hsp90b1), hypoxia up-regulated 1 (hyou1) and heat shock cognate 70-kd protein, tandem duplicate 3 (hsp70.3) was downregulated in the intestine of zebrafish fed oat glucan and simvastatin. We speculate that the observed downregulation of molecular chaperone genes that code for HSPs and Calua is an indication of reduced ER stress.

The distinct alterations in the intestinal transcripts evoked by algal and oat glucans have indicated the possible synergistic actions that could be exploited to counter hypercholesterolemia (Supplementary Figure 9). Our results indicate that algal glucans are effective against hypercholesterolemia, possibly through the downregulation of the cholesterol transporter gene abcf2a and the cytochrome P450 family gene, cyp4v8. Reduced expression of the cyp4v8 ortholog in humans is known to increase the free cholesterol content in cells (78), whereas alterations in the expression of abcf2a gene could suppress basolateral transport of free cholesterol in enterocytes (82). Overall, the alterations in the expression abcf2a and cyp4v8 genes indicate a possible accumulation of free cholesterol in the enterocytes of fish fed the AG diet. On the other hand, in the OG group, we found an increased steroid hydroxylase activity and primary bile acid biosynthesis activity. This indicates a compensatory mechanism of de novo bile synthesis possibly activated in response to reduced bile absorption in the intestine stimulated by oat glucans (28, 96). A synergy between the two glucans could activate their specific mechanisms, i.e., reduced cholesterol transport and reduced bile absorption to eventually reduce the circulating cholesterol levels. It could be hypothesized that the synergistic cholesterol-lowering effect of the two glucans can further reduce the dependence on the statins.



Cholesterol and β-Glucans Affected Vacuolization in the Liver and Micromorphology of the Intestine

Zebrafish is an excellent model for studying liver diseases because of the homology of the organ system compared to humans. Although zebrafish has a unique hepatic anatomy, ongoing research has revealed the conserved cell populations, transcriptional profile and signaling pathways associated with zebrafish and the human liver (97). Moreover, the cells in the zebrafish liver are involved in cholesterol metabolism and lipid storage (98). Therefore, zebrafish has been used to study fatty liver disease and is considered a model species to investigate liver metabolic dysfunctions. As for the extent of vacuolization in the liver of fish from different groups, although the mean number of vacuoles was higher in the HC compared to the CT group, we did not observe any significant differences. We speculate that the non-significant difference in vacuolization is linked to the age of the experimental fish and the dietary lipid levels. One-year-old adult fish were chosen for two purposes: to retrieve enough plasma for biochemical analyses and because they can be employed to mimic human diet-induced dyslipidemia. A high vacuolization tendency has been observed in the liver of 16 to 22-month-old zebrafish fed 5% dietary lipid (99). Furthermore, lipid and glycogen vacuolization has also been observed in previous studies wherein zebrafish were fed 11 to 13% lipids (100, 101). The low cholesterol diet in our study with 12% lipid also led to lipid accumulation in the liver of zebrafish. Such lipid vacuolization is likely due to the perturbed energy homeostasis that was induced by formulated feeds (102). Unfortunately, the optimum dietary lipid requirement of zebrafish has not been investigated in detail (103, 104).

β-glucans and simvastatin were able to reduce the vacuolization in the liver of zebrafish. The ability of β-glucan and simvastatin to mitigate fat deposition in the liver has been reported earlier (105, 106). Our findings indicate that β-glucans have a hypolipidemic effect that extends beyond the intestinal tissue. We also found significant changes in the histology of the mid intestine. A general increase in villi length and thinning of the lamina propria was observed in the HC group compared to the CT group. Like in mammals, the zebrafish villi length is regulated by stem cell proliferation at the base and apoptosis at the tip of the villi. Dysregulated lipid metabolism leading to obesity increases the villi length in humans (107). Suppression of endogenous cholesterol biosynthesis (108) and higher intracellular levels of cholesterol (109) induce hypertrophy in different types of cells. Cholesterol acts as a mitogen for intestinal stem cells, and an increase in cellular cholesterol content activates stem cell proliferation both in vivo and ex vivo (110). Therefore, dietary cholesterol may have increased the stem cell proliferation in the mid intestine leading to the observed increase in the villi length and an associated lamina propria thinning.



Other Factors That May Impact the Lipid Metabolism and Efficacy of β-Glucans

In the present study, we did not investigate the changes in the intestinal microbiota of the fish. Nevertheless, it is known that gut microbiota regulates the total cholesterol, circulating LDL-cholesterol and triglyceride levels that are considered as risk factors of cardiovascular disease (111). β-glucans lower the LDL, total cholesterol and serum triglyceride levels through the proliferation of intestinal microbes that possess bile salt hydrolase (BSH) activity (112, 113). BSH activity can deconjugate bile acids, that are ligands for farnesoid X receptor (FXR), which is the intestinal bile acid sensor and the controller of liver bile acid production and lipid metabolism (114); this function of FXR is conserved in mammals and zebrafish (115). The positive effects of the β-glucan-driven increase in the BSH activity on gut physiology and lipid metabolism are not yet fully clarified.

The purity of β-glucans and feed manufacturing processes can also govern the efficacy of β-glucans to counter hypercholesterolemia. Several compounds other than β-glucans that are present in oats can modulate the metabolic activity in humans (116, 117). As for the extract from the microalga, P. tricornutum, functional carbohydrates other than glucans might have influenced the responses in zebrafish. In our study, the β-glucans from the two sources were 30% pure and therefore, we cannot rule out the contribution of other molecules in the test products. They might have acted synergistically to evoke the responses that we report here. Studies are being conducted to reduce the residues in β-glucans supplements (118). Furthermore, processing can modify the physicochemical characteristics such as molecular weight, extractability and the resulting viscosity (119). The low-shear extrusion process that was adopted to produce the zebrafish feeds employed a moderate processing temperature (50–60 °C) and fluidised air drying at 80 °C for approximately 10–12 min. Extrusion can alter the branching structure and hence reduce the molecular weight. Although β-glucans of high molecular weight are regarded as efficient in lowering the serum cholesterol and shaping the microbiota to reduce the risk of developing cardiovascular disease (120), the efficacy of β-glucans is dependent on many other factors e.g., residues in the product, molecular structure, viscosity, solubility and the surrounding food matrix (23, 26, 116). Future studies regarding the application of β-glucans should assess the effects of food processing variables on the structural integrity and impact on the biological activity of β-glucans.

In conclusion, our study showed that the intestine transcriptome of the zebrafish was highly sensitive to dietary cholesterol. Furthermore, endogenous cholesterol biosynthesis was suppressed, and ER and mitochondrial functions were affected by the dietary cholesterol. Our transcriptome analyses revealed the efficacy of β-glucans as well as simvastatin to counter hypercholesterolemia, by restoring the expression of several genes that were altered by dietary cholesterol. It seems that the three compounds work to reduce the stress on the ER. While the action of algal glucan is likely via lysosome and cholesterol efflux from the intestine, the oat glucan might have employed the cholesterol catabolism path to move to a normocholesterolemic condition. We also observed a significant adverse effect of simvastatin on the protein metabolism in the intestinal tissue. Future studies should explore the combinatorial effect of the two glucans or one of the glucans and the statin because the investigations will disclose new clues to their synergistic effect to tackle hypercholesterolemia.
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