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Abstract 13 

Various human trials and pre-clinical studies have suggested that dietary plant sterols possess 14 

hypotriacylglycerolaemic properties apart from their cholesterol-lowering properties. We hypothesised 15 

that phytosterols (PS) might attenuate triacylglycerolaemia by interfering with the deleterious effects of 16 

cholesterol overload in the liver. In the present study, twenty hamsters (Mesocricetus auratus) with diet-17 

induced combined hyperlipidaemia were fed a high-fat diet (HFD, n 10) or a HFD supplemented with 18 



soyabean PS (n 10) for 40 d. In parallel, a healthy group was fed a standard diet (n 10). PS normalised 19 

fasting plasma cholesterol concentrations completely after 20 d and were also able to normalise serum 20 

TAG and NEFA concentrations after 40 d. HFD feeding caused microvesicular steatosis and impaired the 21 

expression of key genes related to fatty acid oxidation such as PPARA, carnitine palmitoyltransferase-I 22 

(CPT1A) and phosphoenolpyruvate carboxykinase 1 (PCK1) in the liver. PS treatment completely 23 

protected against HFD-induced steatosis and resulted in a normalised hepatic gene expression profile. The 24 

protection of the hepatic function by PS was paralleled by increased faecal cholesterol excretion along 25 

with a 2-fold increase in the biliary bile acid (BA):cholesterol ratio. The present study supports the 26 

conclusion that long-term consumption of PS can reduce serum TAG and NEFA concentrations and can 27 

protect against the development of fatty liver via different mechanisms, including the enhancement of BA 28 

synthesis. The results of the present study place these compounds as promising hepatoprotective agents 29 

against fatty liver and its derived pathologies. 30 
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The cholesterol-lowering properties of dietary phytosterols (PS) have been described in various animal 32 

models and in human trials. Currently, a daily intake of 2-5 g of plant PS or phytostanols is recommended 33 

to reduce the concentrations of LDL-cholesterol by up to 10%, potentially decreasing the risk of CVD(1). 34 

Despite the unsettled debate about the exact mechanisms underlying these effects, it is well accepted that 35 

sterols and stanols can act at different levels during cholesterol absorption, mainly by interfering with the 36 

absorption of cholesterol and displacing it from the mixed micelle(2) or enterocyte metabolism, thus 37 

affecting the assembly of chylomicrons(3,4) and the influx and efflux of cholesterol from enterocytes(5-38 

7). However, another known mechanism for the elimination of cholesterol from the body is that via the 39 

bile acid (BA) synthesis pathway. In the liver, cholesterol can be oxidised by the cytochrome P450 40 

enzyme cholesterol-7a-hydroxylase (encoded by CYP7A1), the main controller of BA synthesis(8). The 41 

hydroxylated cholesterol moiety is subsequently subjected to successive modifications resulting in 42 

different BA species, which get secreted into the gall bladder and eventually reach the duodenum. After 43 



recirculation into the liver through the so-called enterohepatic circulation, BA are eventually excreted 44 

from the body through the faeces(9). Little is known about the effects of PS on the BA synthesis pathway; 45 

it has been shown in hamsters that the administration of soyabean sterol esters increases the faecal 46 

excretion of neutral lipids and the output of BA as well as changes the BA composition of the gall 47 

bladder(10). In another study carried out in rats, stigmasterol has been found to increase the output of 48 

cholesterol and BA in a dose-dependent fashion(11). Interestingly, it has been reported that in humans the 49 

cholesterol-lowering response to plant sterol consumption is conditioned by the promoter variant -50 

204A>C of the CYP7A1 gene(12), indicating that in humans PS are more effective if a more active 51 

promoter controls CYP7A1. Nevertheless, more studies are required to elucidate whether BA synthesis 52 

represents a mechanism for quantitative cholesterol elimination from the body in response to dietary PS. 53 

Different investigations have ascribed other beneficial effects to dietary plant sterols and stanols apart 54 

from their cholesterol-lowering effects. A recent meta-analysis based on twelve randomised controlled 55 

trials has concluded that PS therapy can reduce blood TAG concentrations in humans(13). Other 56 

supporting studies carried out in pre-clinical models have shown that the administration of B-sitosterol 57 

and stigmasterol over a period of 6 weeks decreases plasma TAG concentrations in hamsters. In C57/BL6 58 

mice, the administration of a plant sterol blend has been found to reduce hepatic and plasma TAG 59 

concentrations, but, surprisingly, not plasma cholesterol concentrations(14). Different mechanisms have 60 

been proposed to explain these effects; some authors have proposed that PS might block the absorption of 61 

fats(14) while others have concluded that plant sterols can reduce the release of VLDL from the liver(15) 62 

or affect the assembly of TAG in enterocytic chylomicrons. Additionally, some studies have highlighted 63 

the protective effects of PS against insulin resistance(16), hyperglycaemia(17) or obesity(18), thus placing 64 

these compounds as potentially effective agents against insulin resistance or the metabolic syndrome(19). 65 

Despite growing evidence supporting the beneficial effects of plant sterols and stanols on TAG 66 

metabolism along with their hypocholesterolaemic activity, little is known about the involvement of the 67 

liver in the hypotriacylglycerolaemic properties of these bioactive compounds. Due to the key role that 68 



the liver plays in the control of the synthesis and distribution of lipids, we hypothesised that PS might 69 

attenuate triacylglycerolaemia by affecting hepatic processes related to fatty acid metabolism. We chose 70 

the golden Syrian hamster as the experimental model due to the common features that this mammal shares 71 

with humans but not with rats or mice regarding hepatic cholesterol and lipoprotein metabolism(20,21). 72 

Therefore, in the present study, we treated hamsters with combined dyslipidaemia with PS due to the 73 

hypotriacylglycerolaemic effects of PS in hypertriacylglycerolaemic subjects(22). We found that PS 74 

normalised fasting blood TAG concentrations several days after attenuating the cholesterolaemia. The 75 

hypotriacylglycerolaemic effects of PS were accompanied by the apparent protection against fatty liver 76 

development and the impairment of hepatic lipogenesis and fatty acid oxidation programme as well. In 77 

addition, PS-treated hamsters had a highly increased total BA:cholesterol ratio in the gall bladder. 78 

Altogether, the present study demonstrated that PS might have other beneficial properties apart from their 79 

hypocholesterolaemic properties, such as prevention of alterations of the hepatic lipid metabolism and, 80 

consequently, protection against steatosis and the combined dyslipidaemia associated with the 81 

consumption of a high-cholesterol diet. 82 

Materials and methods 83 

Animals 84 

The Animal Ethics Committee of the Universitat Rovira i Virgili (Tarragona, Spain) approved all the 85 

procedures. The animals used were 3-month-old male golden Syrian hamsters (Charles River 86 

Laboratories) weighing about 100 g. The hamsters were housed individually in cages at 22°C under a 12h 87 

light-12h dark cycle (lights on at 09.00 hours) and with free access to food and water. After an adaptation 88 

period of 4d, twenty hamsters were fed a high-fat diet (HFD) providing 21% of energy as fat and 0.1% of 89 

cholesterol (D10051907; Research Diets, Inc.) for 15d to induce combined dyslipidaemia and ten 90 

hamsters (standard diet (STD) group) were fed a normal fat diet (D10051906; Research Diets, Inc.) 91 

throughout the study. On day 15, blood samples were obtained by saphenous vein puncture and hamsters 92 



fed the HFD were further divided into two groups. Of these two groups, one (n 10, HFD) was fed the 93 

described HFD and the other (n 10, HFD+PS) was fed the same HFD supplemented with 1% of PS 94 

(D10051908; Research Diets, Inc.). The composition of diets is given in Table 1. According to the 95 

manufacturer (Lipofoods), the PS provided were in the dispersible form (Lipophytol) and contained 96 

23.3% campesterol, 0.4% campestanol, 28.1% estigmasterol, 43% B-sitosterol and 1% estigmastanol. 97 

According to the Reagan-Shaw formula(23), the PS dose used in the present study is equivalent to a daily 98 

human intake value of 3.8 g and far below the doses tested for adverse effects(24). Nevertheless, it has 99 

been shown that PS at high doses can decrease the bioavailability of B-carotene and a-tocopherol, despite 100 

the relevance of the consequences being still not known(25). Body weight and food intake were recorded 101 

every 4 d, and additional blood sampling was done on day 36 of the experiment. Faeces were collected 48 102 

h before killing the animals. On day 57, hamsters were fasted for 6h and anaesthetised with sodium 103 

pentobarbital and blood was collected by cardiac puncture. Plasma was obtained by centrifugation, and 104 

tissues were dissected, weighed, snap-frozen in liquid N2 and stored at -80°C until further analyses. 105 

Before freezing, a portion of the liver was sectioned and fixed in 4% paraformaldehyde for 24 h and 106 

stored at 4°C in phosphate buffer for histological examination. Bile was obtained by gall bladder 107 

puncture, snap-frozen in liquid N2 and stored at -80°C. 108 

Gene expression analysis 109 

Total RNA from the liver and retroperitoneal white adipose tissue was extracted as described 110 

previously(26). RNA quality was checked spectrophotometrically and by agarose gel electrophoresis. 111 

Primers for the different genes are listed in Table S1 (available online), and these were obtained from 112 

biomers.net. Real-time quantitative PCR using B-actin as the reference gene were carried out as described 113 

previously(26). 114 

Plasma analysis 115 

Commercial enzymatic colorimetric kits were used for the determination of the concentrations of plasma 116 



glucose (intra-assay reliability, CV%, 0.83-0.59; inter-assay reliability, CV%, 1.58-1.50), TAG (intra-117 

assay reliability, CV%, 0.39-0.43; inter-assay reliability, CV%, 3.62-3.60) (QCA) and NEFA (intra-assay 118 

reliability, CV%, 0.75-0.61; inter-assay reliability, CV%, 0.75-4.91) (Wako). The concentrations of 119 

plasma total cholesterol, HDL-cholesterol and VLDL/LDL-cholesterol were determined using a 120 

colorimetric kit according to the manufacturer's instructions (BioAssay Systems) (intra-assay reliability, 121 

CV%, 0.83-0.52; inter-assay reliability, CV%, 0.75-4.2). The concentrations of plasma insulin were 122 

measured using a mouse/rat insulin ELISA kit (intra-assay reliability, CV%, 0.9-8.4; inter-assay 123 

reliability, CV%, 6.0-17.9) (Millipore Iberica S.A.). The Revised Quantitative Insulin Sensitivity Check 124 

Index (R-QUICKI) was computed as described previously(26). 125 

Extraction and quantification of lipids 126 

Lipids were extracted from the liver (80 mg) and dried faeces (100 mg) of hamsters using the methods 127 

described previously(26). TAG and total phospholipids were quantified using colorimetric kits (QCA), 128 

and cholesterol was quantified by GC-MS/MS. Briefly, samples were lyophilised, ground and subjected 129 

to solid-liquid extraction using methanol-chloroform (2:1) as an extractant. Samples and cholesterol 130 

standards (Sigma Aldrich Química SA) were dried under N2 steam, derivatised with N-methyl-N-131 

(trimethylsilyl)trifluoroacetamide and further diluted with hexane. Cholesterol analysis was carried out 132 

using a 7890A GC coupled to a 7890A QqQ/MS (Agilent Technologies). Chromatographic column used 133 

was a HP-5MS 5% phenyl 95% polydimethylsiloxane (Agilent Technologies). He gas of 9.99995% purity 134 

was used as a carrier gas, at a constant flow of 1 ml/min. Sample volume was 1 ul and the total run time 135 

was 20 min. Ionisation was done by electronic impact. Acquisition was done in selected-ion monitoring 136 

(SIM) mode, using 329 m/z as a quantifier ion and 368 and 458 m/z as the qualifier ions. The 137 

reproducibility of the method was estimated with a relative standard deviation (%) of 3.64. The retention 138 

of cholesterol was computed as the difference between ingested and excreted cholesterol amounts during 139 

48 h. 140 



Bile composition analysis 141 

Bile was used for the quantification of total BA by a method based on the 3a-hydroxysteroid 142 

dehydrogenase activity (Spinreact) (intra-assay reliability, CV%, 2.69-1.2; inter-assay reliability CV%, 143 

5.17-1.33) and cholesterol (intra-assay reliability, CV%, 0.71-1.08; inter-assay reliability, CV%, 1.24-144 

0.76) using colorimetric kits (Spinreact and QCA, respectively) according to the manufacturer's 145 

instructions. 146 

Liver histology 147 

Morphometric analysis of the liver was carried out as described previously(27). Macrovesicular steatosis 148 

was evaluated according to the method of Brunt et al.(28) by estimating the percentage of area covered by 149 

fat droplets using a score graded from 0 to 3 (0, null; 1, steatosis detected in up to 30% of the microscopic 150 

fields; 2, steatosis detected in between 30 and 60% of the fields; and 3, steatosis detected in more than 151 

60% of the fields). 152 

Statistical analysis 153 

Data are expressed as means with their standard errors. For endpoint measurements, differences among 154 

the three experimental groups were assessed using one-way ANOVA. The homogeneity of variance 155 

assumption was confirmed by Levene's test. When the homogeneity of variances was not confirmed, a 156 

Greenhouse-Geisser correction was applied for one-way ANOVA (where indicated). When the one-way 157 

ANOVA indicated significant differences among the groups, post hoc contrasts were applied using the 158 

Bonferroni method. Results of the post hoc contrasts are shown in the figures and tables using lower-case 159 

letters. Student's t test was used where indicated exclusively to compare the means of two experimental 160 

groups. In the case of parameters measured at different time points, a mixed-design ANOVA based on a 161 

univariate type III repeated-measures ANOVA was used, setting time as the within-subjects variable to 162 

assess the effects of the treatments over time and the three experimental groups (STD, HFD and 163 



HFD+PS) as the between-subjects variable. The homogeneity of variances was confirmed by Mauchly's 164 

test. Results of the repeated-measures ANOVA are reported in the figures with capital letters indicating 165 

significant differences between the measures (T), significant differences among the experimental groups 166 

(G) or a significant interaction between the two (T x G) where indicated. The level of statistical 167 

significance was set at P<0.05 (two-tailed) for all the tests. All the statistical tests were conducted using 168 

the software R version 3.1.0 for Windows (R Project for Statistical Computing). 169 

Multivariate clustering analysis 170 

Principal component analysis and partial least-squares discriminant analysis (PLS-DA) were carried out 171 

using the statistical software Multibase 2013 (Numerical Dynamics). The resulting scores for the three 172 

first components were plotted on a 3D representation using the software R version 3.1.0 for Windows (R 173 

Project for Statistical Computing). 174 

Results 175 

Body and tissue weights 176 

No differences were observed in food intake among the experimental groups (data not shown). Body 177 

weight curves [  1(A)], compared using repeated-measures ANOVA, revealed significant changes with 178 

time (F14,378 = 27.8, P<0.001), but not among the experimental groups (F2,27 = 2.34, P = 0.115). 179 

Nevertheless, no significant T x G interaction was observed (F28,378 = 4.05, P<0.001) as body weight 180 

changes were dependent on the diet throughout the study duration. At the end of the experiment, liver and 181 

different adipose tissues were dissected and weighed [  1(B)]. The weight of the different adipose tissue 182 

depots in the HFD groups, either with or without PS, was slightly increased, but changes were not 183 

statistically significant as revealed by one-way ANOVA. In contrast, liver weights differed significantly 184 

among the experimental groups (F2,27 = 14.2, P<0.001). The post hoc contrasts indicated that the liver 185 

weights of the HFD group were significantly increased by 35% compared with those of the STD group 186 



(P<0.001) and the HFD+PS group (P = 0.009). No differences were observed between the HFD+PS and 187 

the STD groups (P = 0.150). Liver enlargement observed in the HFD group was accompanied by a clear 188 

steatotic profile [  1(C)], but not in the other two groups. Accordingly, histological analysis [  1(D)] 189 

revealed grade 3 microvesicular steatosis with no apparent fibrosis in the livers of the HFD group, while 190 

the degree of steatosis in the HFD+PS group was similar to that in the STD group. As expected, the 191 

hepatic lipid profile was different among the experimental groups [  1(E)]. Significant differences (F2,27 192 

= 25.64, P<0.001) were observed in hepatic total cholesterol concentrations between the HFD and the 193 

other two groups (P<0.001 for both), though no significant differences could be observed between the 194 

STD and the HFD+PS groups (P = 1). Hepatic TAG concentrations were significantly different among 195 

the experimental groups (F2,27 = 7.317, P = 0.003), with the HFD group having higher concentrations 196 

than the STD and the HFD+PS groups (P = 0.006 and P = 0.015 respectively), but not between the 197 

HFD+PS and the STD groups (P = 1). The concentrations of phospholipids were significantly different 198 

among the experimental groups (F2,27 = 3.841, P = 0.034), with the highest concentrations being 199 

detected in the HFD group than in the STD group (P = 0.033) and the HFD+PS group (P = 0.047), but not 200 

between the STD and the HFD+PS groups (P = 1). 201 

Plasma metabolites and cholesterol balance 202 

Plasma cholesterol and TAG concentrations were determined at three different time points [  2]. On day 203 

15, the HFD group exhibited a significant (20%) increase in serum cholesterol concentrations (P<0.001; 204 

Student's t test) and a 35% increase in TAG concentrations (P = 0.003; Student's t test) compared with the 205 

STD group, confirming that the HFD animals had developed combined hyperlipidaemia. At that point, PS 206 

were introduced into the diets of the HFD+PS group for the remainder of the study duration. Repeated-207 

measures ANOVA revealed serum total cholesterol [  2(A)] concentrations to be significantly different 208 

among the experimental groups (F2,27 = 20.7, P<0.001) and throughout the study duration (F2,54 = 4.9, 209 

P = 0.01). A significant T x G interaction was observed (F4,54 = 10.8, P<0.001), indicating that the 210 

change in cholesterol concentrations was dependent on the diet. Serum TAG concentrations [  2(B)] 211 



differed significantly among the experimental groups (F2,27 = 5.0, P = 0.01), but not throughout the study 212 

duration (F2,54 = 0.2, P = 0.79), and no significant T x G interaction was observed. 213 

Analysis of serum metabolites at the end of the experiment (Table 2) indicated significant changes in total 214 

cholesterol concentrations among the experimental groups (F2,27 = 36.9, P<0.001) due to increased 215 

concentrations being detected in the HFD group compared with those in the STD and the HFD+PS groups 216 

(P<0.001 for both), but not between the STD and the HFD+PS groups (P = 0.31). The same pattern was 217 

observed for the concentrations of HDL-cholesterol (F2,27 = 4.9, P = 0.02) and VLDL + LDL-cholesterol 218 

(F2,27 = 19.5, P<0.001). The post hoc contrasts confirmed that the differences were due to the HFD 219 

group, which had higher concentrations of all the fractions compared the STD and the HFD+PS groups 220 

(P<0.05 for all the cases), while no differences were observed between the STD and the HFD+PS groups. 221 

Similarly, plasma TAG concentrations were found to be significantly altered (F2,27 = 7.6, P = 0.003). 222 

The post hoc contrasts indicated that the 56% increase in the HFD group was significantly higher than 223 

that in the STD and the HFD+PS groups (P = 0.005 and P = 0.013, respectively), but no significant 224 

differences were observed between the STD and the HFD+PS groups (P = 0.98). No significant 225 

differences were observed in plasma glucose or insulin concentrations among these groups either. 226 

Nevertheless, plasma NEFA concentrations were significantly different among the experimental groups 227 

(F2,27 = 4.9, P = 0.015), presumably due to the significantly lower concentrations in the HFD+PS group 228 

compared with those in the HFD group (P = 0.012), while differences between the STD and the HFD 229 

groups can only be described as a trend (P = 0.102). As a consequence, the insulin resistance index 230 

calculated as R-QUICKI indicated reduced insulin sensitivity in the HFD group with respect to the STD 231 

and the HFD+PS groups, despite the fact that no statistical significance was revealed by one-way 232 

ANOVA. 233 

Quantification of cholesterol in the diets and faeces (Table 3) revealed that cholesterol consumption 234 

patterns differed significantly among the experimental groups (F2,27 = 177, P<0.001; Greenhouse-235 

Geisser corrected). This difference was due to increased cholesterol consumption in the HFD and the 236 



HFD+PS groups compared with that in the STD group (P<0.001 for both pairwise comparisons), while no 237 

differences were observed between the HFD and the HFD+PS groups (P = 0.92). Nevertheless, the 238 

significant change in cholesterol excretion (F2,27 = 63, P<0.001; Greenhouse-Geisser correction) was due 239 

to differences between the HFD+PS group and both the STD and the HFD groups (P<0.001 for both 240 

pairwise comparisons). These changes were reflected in differences in cholesterol retention (F2,27 = 64.7, 241 

P<0.001; Greenhouse-Geisser correction), with the HFD+PS group displaying higher cholesterol 242 

retention than the STD group (P = 0.009), though lower than that in the HFD group (P<0.001). In turn, 243 

the HFD group also differed significantly from the STD group with respect to cholesterol retention 244 

(P<0.001). 245 

Expression of lipogenic genes in the liver and retroperitoneal white adipose 246 

tissue 247 

As has been reported, PS protected against hepatic lipid accumulation and liver enlargement induced by 248 

the HFD. Therefore, we analysed the expression of genes involved in fatty acid synthesis, esterification 249 

and oxidation. There were no changes in the expression of lipogenic genes acetyl-CoA carboxylase 250 

(ACC1) and diacylglycerol O-acyltransferase 2 (DGAT2) in the liver of all the experimental groups [  251 

3(A)]. In contrast, there were significant changes in the expression of fatty acid synthase (FASN) and 252 

stearoyl-CoA desaturase-1 (SCD1) (F2,27 = 5.2, P = 0.01 and F2,27 = 3.9, P = 0.03 respectively). Despite 253 

applying the post hoc contrasts, no differences were observed in the expression of FASN between the 254 

HFD and the HFD+PS groups (P = 1); in the case of SCD1, a clear tendency (P = 0.098) to recover the 255 

normal expression levels was observed in these groups. Clear differential effects were observed in the 256 

expression of B-oxidation-regulatory genes carnitine palmitoyltransferase-IB (CPT1B) (F2,27 = 6.3, P = 257 

0.006), PPARA (F2,27 = 12.2, P<0.001) and phosphoenolpyruvate carboxykinase 1 (PCK1) (F2,27 = 258 

10.8, P<0.001). The post hoc contrasts indicated the HFD+PS group to differ significantly from the HFD 259 

group (P<0.05) but not from the STD group with respect to the expression of these three genes. In 260 



contrast to our findings in the liver, no differences were observed in the expression of these genes in the 261 

retroperitoneal white adipose tissue between the HFD and the HFD+PS groups, despite a clear effect of 262 

the HFD either with or without PS being observed [  3(B)]. 263 

We also used a multivariate approach including the expression results of genes ACC1, FASN, DGAT2, 264 

SCD1, CPT1A, PPARA and PCK1 to assess the clustering trends of the animals. We chose a principal 265 

component analysis as an unsupervised and a PLS-DA as a supervised clustering analysis. The explained 266 

variance was 81.9% for the principal component analysis and 62.8% for the PLS-DA. 267 

Effects of phytosterols on the metabolism of bile acids 268 

The observed liver-specific changes prompted us to study an exclusive hepatic process tightly linked to 269 

lipid metabolism and energy homeostasis such as BA synthesis. Analysis of the bile revealed that biliary 270 

cholesterol content [  5(A)] was significantly different among the experimental groups (F2,27 = 4.8, P = 271 

0.016), mainly due to differences between the HFD and the STD groups (P = 0.045), despite the fact that 272 

the HFD+PS group had lower, though non-significant, levels compared with the HFD group. Biliary total 273 

BA content exhibited significant changes (F2,27 = 3.4, P = 0.048) due to increased levels being detected 274 

in the HFD and the HFD+PS groups with respect to the STD group (P = 0.043 and P = 0.042, 275 

respectively). The BA:cholesterol ratio was significantly affected (F2,27 = 6.4, P = 0.005) mainly due to 276 

the 2-fold increase in the ratio of the HFD+PS group compared with that of the HFD group (P = 0.006). 277 

We quantified the mRNA levels of hepatic CYP7A1 and found the expression of CYP7A1 to be 2-fold 278 

higher in the HFD+PS group than in the HFD group, although these changes were not significant when 279 

the three experimental groups were compared using one-way ANOVA (F2,27 = 2.45, P = 0.105). We also 280 

analysed the gene expression of farnesoid X receptor (FXR), small heterodimer partner (SHP) and 281 

hepatocyte nuclear factor-4a (HNF4A). The expression of HNF4A was found to be significantly altered 282 

(F2,27 = 3.9, P = 0.03) mainly in the STD and the HFD groups (P = 0.036) but no differences were 283 

observed between the HFD+PS and the HFD groups (P = 0.149) or the STD group (P = 0.987). In turn, 284 



the expression of FXR and SHP was not altered by PS. 285 

Discussion 286 

Different studies have shown that PS might have additional beneficial properties apart from their 287 

hypocholesterolaemic activity, mainly plasma TAG-lowering or insulin resistance-ameliorating 288 

properties. In the present study, we investigated the potential beneficial effects of soyabean PS on hepatic 289 

and blood lipids of golden hamsters with diet-induced combined hyperlipidaemia. 290 

Currently, it is well accepted that PS inhibit the intestinal absorption of dietary cholesterol. The results of 291 

the present study are in good agreement with the different mechanisms proposed, as the inclusion of PS 292 

into the HFD resulted in a 20-fold increase in faecal cholesterol content. However, additionally, we found 293 

evidence pointing to a supplementary mechanism of action in the hamster. HFD feeding followed by PS 294 

supplementation in hamsters led to a remarkable increase in the biliary BA:cholesterol ratio, induced the 295 

expression of CYP7A1, which governs the synthesis of BA and controls its activity at the transcriptional 296 

level, and normalised the expression of HNF4A, a key controller of BA metabolism(29-31), indicating 297 

that PS enhanced BA synthesis. Additionally, it is worth considering that cholesterol retention in 298 

HFD+PS animals was still higher than that in STD animals, while the hepatic cholesterol concentrations 299 

were similar in both groups. Altogether, these results indicate that the increased excretion of cholesterol 300 

via BA represents an additional mechanism of cholesterol reduction in the liver, thus explaining the 301 

striking protection against fatty liver development. In contrast to our our findings, treatment of mice with 302 

b-sitosterol, which represents 38 % of the PS used in the pre- sent experiment, has been found to decrease 303 

the faecal excretion of BA(32). In Wistar – Kyoto and Wistar rats, stigmas- terol, another PS present in 304 

the diets used in the present experiment, has been found to decrease hepatic cholesterol synthesis and, in 305 

parallel, reduce BA synthesis(33). However, the results of the present study are in agreement with those 306 

of previous studies showing increased BA synthesis and altered BA composition in hamsters treated with 307 

soyabean sterol esters(10). The possible explanation for the contrasting data can be the inherent 308 



differences in the animal models used. In hamsters and humans, the expression of CYP7A1 is not 309 

controlled by the concentrations of hepatic cholesterol as tightly as in rats and mice(34,35). As expected, 310 

BA synthesis was not coupled to hepatic cholesterol concentrations in ham- sters in the present study. As 311 

hamsters and humans share many common features related to cholesterol and BA metab- olism(21), 312 

additional studies carried out in human subjects could shed some additional light on the effects of PS 313 

therapy on BA metabolism. Interestingly, it has been reported that the cholesterol-lowering response to 314 

PS intake in humans is con- ditioned by a more active variant (2204A . C) of the CYP7A1 gene 315 

promoter(12). Therefore, the effectiveness of PS therapy in humans depends, at least in part, on the 316 

modulation of CYP7A1 gene expression. Nevertheless, it should be con- sidered that the effects of PS on 317 

the excretion of cholesterol could take place through different pathways, such as dietary or hepatobiliary 318 

absorption to plasma as well as transintestinal cholesterol excretion(2 – 7). We currently do not know the 319 

con- tribution of the BA synthesis pathway to the observed effects of PS and whether these effects might 320 

be due to the direct or indirect actions of PS in the liver. Therefore, further research is required to 321 

determine the exact mechanisms, the quantitative contribution of each pathway and the relevance of the 322 

BA synthesis pathway to the effects of PS. 323 

The HFD-fed animals had fatty liver as confirmed by the clear accumulation of lipids. This phenotype 324 

was accompanied by changes in the expression of genes that have previously been reported to be related 325 

to fatty liver in different models. It has previously been reported that mice lacking or with a low 326 

expression of hepatic PCK1 can develop severe fatty liver due to impaired control of energy homeo- 327 

stasis, involving the imbalance of cataplerotic and anaplerotic processes(36) and the subsequent 328 

impairment of b-oxidation. In the model used in the present study, HFD feeding resulted in a reduced 329 

expression of hepatic b-oxidation-regulatory genes, such as PPARA and CPT1A. Despite the debatable 330 

rel- evance of b-oxidation impairment in the development of fatty liver, the results of the present study 331 

indicate that this process might play an important role under the present experimental conditions. 332 

Together with these changes, a slight induction of SCD1 expression was observed, while the expression 333 



of other lipogenic genes remained unaltered. These results are in agreement with the results of previous 334 

studies showing that SCD1 is the lipogenic enzyme responding at the gene expression level in the fatty 335 

livers of golden hamsters(37). A similar pattern was observed in the expression of HNF4A. It has been 336 

shown that this nuclear receptor is essential for several hepatic processes that were found to be altered in 337 

the model used in the present study, such as lipid synthesis, oxidation and secretion or BA 338 

synthesis(29,31). These results can explain, at least partially, the excessive accumulation of TAG and 339 

phospholipids due to impaired fatty acid oxidation and increased fatty acid synthesis, together with excess 340 

dietary fat reaching the liver during the postprandial state. The addition of PS to the HFD normalised the 341 

hepatic lipid profile and the expression of the above-mentioned genes. 342 

Differences in the expression of fatty acid metabolism- related genes were statistically significant, but 343 

quantitatively mild when analysed individually. Therefore, we used two widely accepted multivariate 344 

clustering techniques, principal component analysis and PLS-DA, to assess whether the sum of these mild 345 

differences could be translated into clear contrasts. The outcome revealed that the HFDþPS-fed animals 346 

were partially similar to the STD-fed animals and sig- nificantly differed from the HFD-fed animals if all 347 

the analysed genes of fatty acid metabolism were used as clustering criteria. The clustering assay, 348 

therefore, reinforces and is consistent with the protection provided by the PS treatment against hepatic 349 

fatty acid metabolism. Explanation for these results could be found in the striking decrease in the hepatic 350 

choles- terol pool observed in the HFDþPS group. Previous studies have shown that a HFD and a high-351 

fructose diet do not induce hepatic fat accumulation in hamsters, but that the addition of cholesterol to this 352 

background diet results in reduced PPARa protein expression, increased lipogenesis and fatty liver 353 

development(37). According to these data, a sig- nificant decrease in hepatic cholesterol pool is sufficient 354 

to prevent the development of fatty liver in hamsters. In fact, it has been suggested that excessive dietary 355 

cholesterol can trig- ger a cascade of events resulting in the impairment of hepatic fatty acid metabolism 356 

and, eventually, in fat accumulation in the liver of a broad range of mammalian species(38). 357 

Another relevant finding is the decrease in fasting plasma TAG and NEFA concentrations in the HFDþPS 358 



group with respect to the HFD group. This is in agreement with the results of previous studies in human 359 

subjects(13) and hamsters(4). In the present experiment, the normalisation of fasting serum TAG 360 

concentrations by PS was a long-term effect, occurring between day 20 and day 40 of the treatment. In 361 

con- trast, serum cholesterol concentrations decreased before day 20 of the treatment. These results 362 

indicate that the normalisa- tion of plasma TAG concentrations by PS depends, at least in part, on the 363 

normalisation of hepatic lipogenesis and b-oxidation processes. In this scenario, the hepatic clearance of 364 

TAG in dyslipidaemic hamsters treated with PS might be slow, depending on fatty acid synthesis, 365 

increased fatty acid oxidation and the shuttling of TAG into VLDL for secretion. Consequently, this 366 

gradual removal of TAG might not be reflected in plasma VLDL concentrations until the hepatic 367 

concentrations of TAG are normalised. Nevertheless, other possibilities cannot be ruled out, as it has been 368 

shown that the intake of different stanols and sterols can modulate the mobilisation of hepatic fat. Thus, 369 

PS intake may enhance energy expenditure and hepatic b-oxidation in rats(18). In humans, plant stanols 370 

are more efficient at reducing the release of TAG-rich VLDL from the liver in dyslipidaemic patients than 371 

in normolipidaemic subjects(15) and, according to the authors, this observation fits with an enhancement 372 

of the hepatic b-oxidation programme. The results of the present study are in agreement with those of 373 

these studies, as PS caused a remarkable decrease in serum NEFA concentrations and a parallel increase 374 

in the expression of PPARA and CPT1A in the HFD-fed animals. Therefore, it is plausible to hypothesise 375 

that PS can enhance the oxidation of fatty acids in the liver, and perhaps in other tissues, contributing to a 376 

reduction of the overall pool of NEFA and TAG. Nevertheless, more research is still required to elucidate 377 

the exact mechanism leading to these effects. Increased concentrations of circulating NEFA have been 378 

proposed as a key factor for the development of insulin resistance(39). Despite the suggested beneficial 379 

effects of PS consumption on insulin resistance via decreased circulating NEFA concentrations, more 380 

research is required to assess these effects. 381 

Currently, combined hyperlipidaemia represents a risk factor for the development of CVD and is a 382 

hallmark of the metabolic syndrome, an altered state with a growing preva- lence worldwide(40). The 383 



prevalence of fatty liver or hepatic steatosis is also increasing, accompanied by other altered states such as 384 

obesity and/or insulin resistance(41). The results of the present study, together with those of the other 385 

studies carried out in human subjects, indicate that long-term consumption of PS might provide 386 

remarkable protection to hepatic lipid metabolism against the deleterious effects of cholesterol and fatty 387 

acid overload, placing PS as effective agents against fatty liver and combined hyperlipidaemia 388 

development, including cholesterol, TAG and NEFA. At least two mechanisms could be responsible for 389 

these effects: first, increased faecal cholesterol excretion, which is in agreement with the classically 390 

accepted mechanism of action ascribed to PS and, second, the identified supplementary mechanism based 391 

on an increased efflux of cholesterol into the BA synthesis pathway. Even though we currently do not 392 

know the quantitative contribution of the BA synthesis pathway to the hypocholesterolaemic effects of 393 

PS, the results of the present study indicate that analysis of BA-related parameters in human trials 394 

including PS should be considered in future studies. In conclusion, the present study indicates that PS 395 

may be considered as promising agents in the treatment of lipid metabolism alterations beyond the 396 

reduction of blood cholesterol concentrations.  397 
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Figure Legends 501 

Fig. 1. (A) Evolution of body weight in hamsters fed a standard diet (STD, white circle) or a high-fat diet 502 

without phytosterols (HFD, black circle) or a HFD with phytosterols (HFD+PS, grey circle). The arrow 503 

denotes the PS treatment starting point. Values are means (n 10), with their standard errors represented by 504 

vertical bars. T denotes a significant effect of time (P < 0.001) and T x G denotes the significant 505 

interaction of time and group (P < 0.001) after a repeated-measures ANOVA comparison. Homogeneity 506 

of variances was confirmed by Mauchly's test. (B) Weights of the white adipose tissues (retroperitoneal 507 

white adipose tissue (RWAT), inguinal white adipose tissue (IWAT), mesenteric white adipose tissue 508 

(MWAT) and epididymal white adipose tissue (EWAT)) and livers of the STD (grey bar), HFD (black 509 

bar) and HFD+PS (white bar) groups. Values are means (n 10), with their standard errors represented by 510 



vertical bars. a,b Mean values with unlike letters were significantly different (P < 0.05; Bonferroni post 511 

hoc test when one-way ANOVA revealed significant differences among the groups). Homogeneity of 512 

variances was confirmed by Levene's test. (C) Livers of the STD, HFD and HFD+PS groups (one animal 513 

representative of each group is shown). (D) Histology (haematoxylin and eosin staining, 20x, scale bar 514 

100 µm) of representative liver sections of the STD, HFD and HFD+PS groups. (E) Hepatic 515 

concentrations of cholesterol (CHOL), TAG and phospholipids (PL). Values are means (n 10), with their 516 

standard errors represented by vertical bars. a,b Mean values with unlike letters were significantly 517 

different (P < 0.05; Bonferroni post hoc test when one-way ANOVA revealed significant differences 518 

among the groups). Homogeneity of variances was confirmed by Levene's test. The level of statistical 519 

significance was set at P < 0.05 (two-tailed) for all the statistical tests. 520 

Fig. 2. Relative quantification of (A) serum cholesterol and (B) TAG concentrations in normolipidaemic 521 

hamsters (standard diet (STD), white circle) and dyslipidaemic hamsters fed a high-fat diet without 522 

phytosterols (HFD, black circle) or a HFD with phytosterols (HFD+PS, grey circle) on days 15, 36 and 57 523 

of the experiment. Values are means (n 10), with their standard errors represented by vertical bars. T 524 

denotes a significant effect of time (P < 0.001) G denotes a significant effect among the experimental 525 

groups (P < 0.001), and T x G denotes the significant interaction of time and group (P < 0.001) after a 526 

repeated-measures ANOVA comparison. Homogeneity of variances was confirmed by Mauchly's test. 527 

The level of statistical significance was set at P < 0.05 (two-tailed) for all the tests. 528 

Fig. 3. Expression levels of genes related to fatty acid and glycerolipid metabolism in the (A) liver and in 529 

the (B) retroperitoneal adipose tissue of normolipidaemic hamsters (standard diet (STD), grey bar) and 530 

dyslipidaemic hamsters fed a high-fat diet without phytosterols (HFD, black bar) or a HFD with 531 

phytosterols (HFD+PS, white bar). Gene expression was quantified by real-time quantitative PCR using 532 

β-actin (ACTB) as the endogenous control. Values are means (n 10), with their standard errors represented 533 

by vertical bars. Mean values with unlike letters were significantly different (P < 0.05; Bonferroni post 534 

hoc contrast when one-way ANOVA revealed significant differences among the groups). Homogeneity of 535 



variances was confirmed by Levene's test. The level of statistical significance was set at P < 0.05 (two-536 

tailed) for all the tests. The genes analysed were acetyl-CoA carboxylase (ACC1), fatty acid synthase 537 

(FASN), diacylglycerol O-acyltransferase 2 (DGAT2), stearoyl-CoA desaturase-1 (SCD1), carnitine 538 

palmitoyltransferase-Iα (CPT1A), carnitine palmitoyltransferase-Iβ (CPT1B), PPARA, and 539 

phosphoenolpyruvate carboxykinase 1 (PCK1). 540 

Fig. 4. Results of multivariate analysis of hepatic gene expression. Expression values of the genes acetyl-541 

CoA carboxylase (ACC1), fatty acid synthase (FASN), diacylglycerol O-acyltransferase 2 (DGAT2), 542 

stearoyl-CoA desaturase-1 (SCD1), carnitine palmitoyltransferase-Iα (CPT1A), PPARA and 543 

phosphoenolpyruvate carboxykinase 1 (PCK1) in the livers of normolipidaemic hamsters (STD, green) 544 

and dyslipidaemic hamsters fed a high-fat diet without phytosterols (HFD, red) or a HFD with 545 

phytosterols (HFD+PS, blue) were used for an unsupervised clustering analysis by a principal 546 

components analysis (PCA) and for a supervised clustering analysis by a partial least-squares 547 

discriminant analysis (PLS-DA). The resulting scores for components (Comp) 1, 2 and 3 of each animal 548 

are given for the (A) PCA and (B) PLS-DA. 549 

Fig. 5. Quantification of (A) cholesterol and (B) total bile acids (TBA) in the bile obtained from the gall 550 

bladder of normolipidaemic hamsters (STD) and dyslipidaemic hamsters fed a high-fat diet without 551 

phytosterols (HFD) or a HFD with phytosterols (HFD+PS). (C) TBA:total cholesterol ratio computed as 552 

described in the Materials and methods section. (D) Expression levels of genes related to bile acid 553 

metabolism in the liver of hamsters quantified by real-time quantitative PCR using β-actin (ACTB) as the 554 

endogenous control. STD; grey bar. HFD; black bar, HFD+PS; white bar. Values are means (n 10), with 555 

their standard errors represented by vertical bars. a,b Mean values with unlike letters were significantly 556 

different (P < 0.05) Bonferroni post hoc test when one-way ANOVA revealed significant differences 557 

among the groups). Homogeneity of variances was confirmed by Levene's test. The level of statistical 558 

significance was set at P < 0.05 (two-tailed) for all the tests. The genes analysed were cholesterol-7α-559 

hydroxylase (CYP7A1), farnesoid X receptor (FXR), small heterodimer partner (SHP) and hepatocyte 560 



nuclear factor-4α (HNF4A). 561 

Tables 562 

Table 1. Composition of the diets used in the study 563 

Ingredients (g/kg) HFD HFD+PS NFD 

Casein, 80 Mesh 233 231 220 

L-Cys 3 3 3 

Wheat starch 298 295 386 

Maltodextrin 10 106 105 100 

Dextrose 53 53 50 

Sucrose 106 105 100 

Cellulose, BW200 53 42 50 

Coconut oil, 76 5 5 8 

Flaxseed oil 4 4 5 

Sunflower oil 11 11 30 

Lard 75 75 0 

Mineral mix S10022G 37 37 35 



Vitamin mix V10037 11 11 10 

Choline bitartrate 3 3 2 

Cholesterol 1 1 0 

Lipophytol 0 10 0 

Macronutrients    

Protein (g/kg) 25 25 22 

Carbohydrate (g/kg) 60 60 65 

Fat (g/kg) 11 11 4 

Energy (kcal/g) 4 4 4 

Energy (kJ/g) 17 17 17 

Fatty Acid Profile    

SFA (g/kg) 30 30 11 

SFA (%) 34 34 27 

MUFA (g/kg) 30 29 8 

MUFA (%) 33 33 20 

PUFA (g/kg) 30 30 22 

PUFA (%) 33 33 53 



HFD, high-fat diet; HFD + PS, high-fat diet with phytosterols; NFD, normal fat diet. 564 

Table 2. Plasma concentrations of metabolites in normolipidaemic hamsters fed a standard diet (STD) and 565 

dyslipidaemic hamsters fed a high-fat diet (HFD) and a HFD supplemented with phytosterols (HFD+PS)* 566 

(Mean values with their standard errors, n 10) 567 

 
Gluco

se 

(mmo

l/l) 

Insuli

n 

(ng/m

l) 

NEF

A 

(mmo

l/l) 

Free 

glycer

ol 

(mmo

l/l) 

TAG 

(mmo

l/l) 

Total 

choles

terol 

(mmo

l/l) 

HDL-

choles

terol 

(mmo

l/l) 

LDL 

+ 

VLD

L-

choles

terol 

(mmo

l/l) 

R-

QUIC

KI† 

STD          

Mean 14 4.8 0.51ᵃ,ᵇ 0.12 1.3ᵃ 3.9ᵃ 3.1ᵃ 0.9ᵃ 0.243 

SEM 0.6 0.7 0.04 0.01 0.1 0.3 0.4 0.2 0.005 

HFD          

Mean 15 5.7 0.59ᵇ 0.14 2.0ᵇ 6.2ᵇ 4.2ᵇ 1.8ᵇ 0.231 

SEM 0.5 0.5 0.03 0.02 0.1 0.3 0.4 0.2 0.002 

HFD

+PS 

         



Mean 14 5.5 0.41ᵃ 0.12 1.4ᵃ 4.2ᵃ 3.2ᵃ 0.9ᵃ 0.245 

SEM 0.6 0.7 0.04 0.02 0.1 0.3 0.3 0.1 0.004 

R-QUICKI, Revised Quantitative Insulin Sensitivity Check Index. 568 

ᵃ,ᵇ Mean values within a row with unlike superscript letters were significantly different (P < 0.05; one-569 

way ANOVA using a Bonferroni post hoc contrast with a CI of 0.95). 570 

*Serum metabolite concentrations were determined at the end of the study after 6 h of fasting in blood 571 

samples collected by cardiac puncture. 572 

†R-QUICKI was computed as indicated in the Materials and methods section. 573 

Table 3. Cholesterol intake and excretion in normolipidaemic hamsters fed a standard diet (STD) and 574 

dyslipidaemic hamsters fed a high-fat diet (HFD) or a HFD supplemented with phytosterols (HFD+PS)*† 575 

(Mean values with their standard errors, n 10) 576 

 
STD 

 
HFD 

 
HFD+PS 

 

 Mean SEM Mean SEM Mean SEM 

Cholestero

l intake 

(mg) 

0.70ᵃ 0.04 7.7ᵇ 0.3 8.2ᵇ 0.4 

Cholestero

l excreted 

(mg) 

0.13ᵃ 0.02 0.3ᵃ 0.03 6.3ᵇ 0.5 

Cholestero 0.57ᵃ 0.05 7.45ᵇ 0.3 1.8ᶜ 0.3 



l retention 

(mg) 

ᵃ,ᵇ,ᶜ Mean values within a row with unlike superscript letters were significantly different (p < 0.05; one-577 

way ANOVA using a Bonferroni post hoc contrast with a CI of 0.95). 578 

*Chow intake was monitored and faeces were collected for 48 h. Cholesterol in the diets and faeces was 579 

quantified by GC. 580 

† Data were analysed by a one-way ANOVA using a Greenhouse–Geisser correction when the 581 

homogeneity of variance assumption was discarded by Levene's test. 582 

Figures 583 

Figure 1 584 



 585 

Figure 2 586 
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Figure 3 588 



 589 
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 591 

Figure 5 592 
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 594 



Supplementary table 1. Oligonucleotide sequences for gene expression assays.  

 

gene Forward (5’-3’) Reverse (5’-3’) 
Intra-assay 
RSD(%) 

Inter-assay 
RSD(%) 

ACC1 ACACTGGCTGGCTGGACAG CACACAACTCCCAACATGGTG 1.4 to 1.9 1.5 to 2.5 

FASN AGCCCCTCAAGTGCACAGTG TGCCAATGTGTTTTCCCTGA 1.5 to 2.2 1.3 to 3.2 

DGAT2 TACAAGCAGGTGATCTTTGAGG GGGCGAAACCAATATACTTCT 0.3 to 1.8 2.2 to 3.4 

SCD1 ACATGTCTGACCTGAAAGCTGA GTACCTCTGGAACATCAC 0.03 to 1.2 1.4 to 1.9 

CPT1Α TCTTCAAAAACAGCAAGATAG GGGTTGGTTTCTCCTTTACAATG 0.5 to 2.1 1.2 to 3.3 

CPT1Β CCCACAGACCCAGGAACTT GAAGGCGAACACAGATAGCC 0.4 to 1.3 0.5 to 3.2 

PPARΑ GTGGCTGCTATAATTTGCTGTG AGCTTCGGGAAGAGAAAGGTAT 0.1 to 1.1 1.0 to 2.0 

PCK1 GTCGCACCATGTATGTCGTC CACAGAGTGGAGGCACTTGA 0.04 to 1.4 1.7 to 3.1 

CYP7A1 ACTGCTAAGGAGGATTTCACTCT CTCATCCAGGTATCGATCATATT 0.3 to 1.2 1.6 to 3.8 

FXR TCTTCAGGAGAAGCATTACCAA CGCATGTACATATCCATCACAC 0.8 to 1.3 1.2 to 2.2 

SHP CCTCATTCATGCTCCCATCT GGCCTCCACTCTCAAGAACA 1.2 to 2.3 2.1 to 4.2 

HNF4Α GAGTATGCCTGCCTCAAAGC GTCGGCAACAGTAGCAGAAG 0.1 to 1.0 1.0 to 2.6 

ACTINB ACGTCGACATCCGCAAAGACCTC TGATCTCCTTCTGCATCCGGTCA 0.05 to 1.5 0.8 to 1.9 
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