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Abstract  

Scope: Inhibition of the intestinal apical sodium-dependent (ASBT, SLC10A2) 

decreases ileal absorption and enterohepatic cycling of bile acids (BAs). ASBT 

inhibition can improve apsects of the metabolic syndrome, but the mechanisms 

underlying these improvements are not fully elucidated. Here we investigated the 

mechanism by which ASBT inhibition mitigates diet-induced obesity, hepatic lipid 

accumulation and insulin sensitivity.   

Methods and results: Intestinal fat absorption was determined in mice receiving 

an ASBT inhibitor. In addition, Asbt
-/-

 mice and littermate controls were challenged 

with a low fat control diet or high fat diets (HFD) rich in saturated fatty acids (SFA) 

or PUFAs. ASBT inhibition reduced fat absorption, particularly of mono-

unsaturated and SFAs on all diets. Asbt
-/- 

mice had lower bodyweight gain and 

improved insulin sensitivity when fed a HFD rich in SFA but not PUFA. Hepatic lipid 

accumulation was reduced in Asbt
-/-

 mice fed both diets.  

Conclusions: ASBT inhibition reduced diet-induced hepatic steatosis 

independently of dietary fatty acid composition and was associated with an 

increase in fecal fat excretion. The effects of ASBT inhibition on diet-induced 

obesity and insulin sensitivity were only observed on the HFD rich in SFA. The 

HFD rich in PUFA induced less overall bodyweight gain compared to the HFD rich 

in SFA, possibly due to different handling and obesogenic potential of dietary 

PUFA compared to SFA. These effects highlight the importance of dietary fatty 

acid composition in diet induced obesity models and the potential of ASBT 

inhibition in treatment of diet-induced metabolic disorders.  
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Introduction 

Obesity is an important risk factor for the development of type 2 diabetes 

mellitus (T2DM), non-alcoholic fatty liver disease (NAFLD), cardiovascular disease 

(CVD) and certain types of cancer (1). Recently, bile acids (BAs) and their 

receptors have emerged as important regulators of glucose and lipid metabolism 

and as potential targets for the treatment of obesity and related metabolic disorders 

including T2DM, NAFLD and atherogenic dyslipidemia (2,3). BAs play an important 

role in the absorption and digestion of dietary lipids. This process starts in the 

stomach and intestinal lumen where fats in the form of triglycerides (TGs) are 

hydrolyzed by gastric and pancreatic lipases into glycerol and free fatty acids 

(FFAs). FFAs, cholesterol and fat soluble vitamins are then solubilized as mixed 

micelles by BAs, a process that facilitates the transport of these hydrophobic 

compounds through the aqueous phase of the small intestinal lumen and the 

unstirred water layer overlying the intestinal epithelium, for subsequent 

translocation into the enterocyte (4). BAs must be present above their critical 

micelle concentration (CMC) to promote efficient fat absorption. Reported values 

for these concentrations vary for different BA species, depending on the methods 

and conditions used to determine the CMC (5). Under intestinal bile-deficient 

conditions, lipolysis of TGs continues but fat absorption occurs more distal in the 

intestine and is slower and less efficient (6).  

Under physiological conditions, BA homeostasis is tightly regulated by the BA 

activated nuclear receptor, Farnesoid x receptor (FXR), present in both the liver 

and intestine. The enterohepatic circulation of BAs is highly efficient and results in 

reabsorption of about 95% of BAs per cycle. BAs and their receptors have 

emerged as important signaling pathways eliciting various metabolic effects 

including on glucose and lipid metabolism (2). The most important BA activated 

receptors involved in these effects are FXR and the G-protein coupled bile acid 

receptor 1 (GPBAR1, GPCR19 also known as TGR5) (7). The  vitamin D receptor 

(VDR, NR1I1), pregnane X receptor (PXR, NR1I2), and sphingosine 1-phosphate 

receptor-2 (S1PR2) can also be activated by BAs. Modulation of these receptors to 

affect metabolism can be achieved directly via receptor (ant)agonism or indirectly 

via interrupting or modulating the enterohepatic circulation of BAs. 

Previously, it has been reported that interruption of the enterohepatic circulation 

of BAs by genetic inactivation of the apical sodium-dependent bile acid transporter 

(ASBT, SLC10A2) in mice increased fecal fat excretion (8). Asbt
-/-

 mice have a 

lower total BA pool which could affect fat and cholesterol absorption. Micellar 

solubilization is most important for hydrophobic lipids such as cholesterol, fat-
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soluble vitamins (A, D, E and K) and long chain saturated fatty acids (SFAs). 

Indeed, studies on fat absorption using cholestatic and bile-deficient rat models 

showed more pronounced effects on long chain SFAs than on long chain 

polyunsaturated fatty acids (PUFAs) (9,10). ASBT inhibition, however, not only 

decreases total BA concentrations, but also shifts the BA composition towards a 

more hydrophobic profile (8,11,12). The role of ASBT in the intestinal absorption 

and handling of individual fatty acid species is not known. 

Inhibition of ASBT has been explored as potential therapy for atherosclerosis as 

well as various metabolic disorders including hyperglycemia and NAFLD (12,13). 

The lumenally restricted ASBT inhibitor (ASBTi) SC-435 has been shown to reduce 

hepatic fat accumulation and improve glucose tolerance in mice (12). In the current 

study we investigated how ASBTi treatment affects fatty acid absorption of different 

individual fatty acid species. We further examined the effect of genetic ASBT 

deficiency on diet-induced obesity using high fat diets rich in either SFAs or 

PUFAs.  
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Materials and methods 

Animals  

For the experiment with the ASBT inhibitor (ASBTi), male C57Bl/6J mice aged 8 

weeks were obtained from Jackson Laboratories. Animals were initially group 

housed and then individually housed for 1 week during the fat absorption 

measurements in laboratory cages at 23° C and a 12-hour light/dark cycle. Mice 

received a 45% trans-fat HFD, containing 200g/kg hydrogenated vegetable 

shortening, (tHFD, Harlan Teklad TD130885, ALIOS custom diet with 0.2% added 

cholesterol) plus 0.006% (w/w) of an ASBT inhibitor (SC-435) ad libitum for 2 

weeks. The Emory University Institutional Animal Care and Use Committee 

approved these experiments. 

Asbt
-/-

 mice and wildtype littermates on a > 99% C57BL/6 background were 

originally created by P.A. Dawson and bred the animal facility in the University 

Medical Center Groningen. Males aged 8-15 weeks were used in this study. Mice 

were conventionally housed in a temperature- and light-controlled facility with a 12-

hour light-dark cycle. The mice had ad libitum access to water and a 60% SFA rich 

high fat diet (sHFD) or PUFA rich high fat diet (pHFD) or matched SFA based low 

fat control diet (sLFD). See Table 1 for the fat compositions of the different diets 

used. Mice were individually housed and received the experimental diet for a total 

of 16 weeks; measurements of glucose metabolism were performed after 11 weeks 

on diet. These animal experiments were approved by the Ethics Committee for 

Animal Experiments of the University of Groningen. All experiments were 

performed in accordance with relevant guidelines and regulations (including 

laboratory and biosafety regulations). 

 

Animal experiments 

For the experiments using Asbt
-/- 

 mice, bodyweight was determined biweekly. 

Body composition was determined by magnetic resonance using a MiniSpec LF90 

Body Composition Analysis (Bruker Biospin, Germany).  After 16 weeks mice were 

anesthetized using a mixture of intraperitoneal Hypnorm (fentanyl/fluanisone; 1 

ml/kg) and diazepam (10 mg/kg). The common bile duct was cannulated as 

described (14). Bile collected in the first 5 minutes was discarded. Afterwards, new 

bile was collected for 20 minutes in pre-weighed tubes with the mice placed in a 

humidified incubator (37ºC) to maintain body temperature. Blood was obtained via 

cardiac puncture, centrifuged and the plasma stored at -20 ºC. Livers were 

excised, weighed and snap frozen in liquid nitrogen. The small intestines were 

flushed with ice cold PBS containing protease inhibitor and cut in three segments 
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of equal length, the middle-piece from each segment was excised for gene 

expression analysis. All intestinal segments were snap-frozen in liquid nitrogen.  

 

Fat absorption 

Mice were individually-housed during the second week of the experiment and 

received powdered tHFD containing 0.7% sucrose polybehenate (w/w) (SEFOSE 

2275; Proctor and Gamble, Cincinnati, OH) as a nonabsorbable marker (15). 

Sucrose polybehenate is a non-hydrolysable sucrose ester and passes into the 

stool unchanged. Chemical hydrolysis of the diet or fecal samples liberates the 

behenic acid permitting determination of the fatty acid to behenic acid ratios. This 

measurement yields the absorption efficiency of each dietary fatty acid with a 

single analysis, without the being reliant on often less accurate food intake data. 

Powdered diet was placed in a feeding jar in the cage and replaced every 2-3 

days. Feces were collected for the final 3 days of the experiment. After, mice were 

sacrificed and tissues collected for further analysis.  

 

Insulin and glucose tolerance tests 

Oral glucose tolerance tests (OGTT) were performed following oral 

administration of D-glucose at 2 g/kg body weight after an overnight fast. Insulin 

tolerance tests (ITT) were performed following intraperitoneal administration of 

insulin (Novorapid, Novo Nordisk, Denmark) at 0.5U/kg bodyweight for LFD mice, 

0.75 U/kg bodyweight for pHFD mice and 1 U/kg body weight for sHFD mice after a 

6h fast. Blood glucose was measured at 0, 15, 30, 60, 90, 120 and 180 min after 

glucose or insulin administration using a OneTouch Ultra glucometer (Lifescan Inc, 

USA). Plasma insulin concentrations were determined using the ultra-sensitive 

mouse insulin ELISA kit from Crystal Chem (Cat. 90080, USA).  

 

Indirect calorimetry 

Indirect calorimetry was performed using a Comprehensive Laboratory Animal 

Monitoring System (TSE systems GmbH, Bad Homburg, Germany). Mice were 

acclimatized for 24h followed by real-time analysis of carbon dioxide (CO2) 

production, oxygen (O2) consumption, respiratory exchange ratio (RER), food 

intake and activity for 72h in individual mice. Measurements were performed in 

mice fed a sHFD and sLFD after 11-12 weeks.  
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Histology 

Paraffin embedded hematoxylin and eosin (H&E) stained slides of liver and 

epididymal adipose tissue (n = 5) were used for histopathologic examination. 

Slides were examined and scored blindly and findings reviewed by a board-

certified veterinary pathologist (author AB). H&E liver specimens were evaluated 

using the modified version of NAS scoring for non-alcoholic fatty liver disease 

published by Kleiner et al. (16) which combines scores from each component of 

the NAS; steatosis (0 < 5%; 1= 5-33%; 2= 33-66%; 3= > 66%), lobular 

inflammation (0–3), ballooning (0–2): Counts were performed for five x200 fields 

per mouse. Using conventional H&E staining and light microscopy, ballooned 

hepatocytes are recognized as being enlarged with pale staining and a rarefied 

cytoplasm and rounded cell shape. Lobular inflammation was recognized as small 

clusters  (>5 cells) of mixed inflammatory cells scattered throughout the hepatic 

parenchyma; in many cases these were characterized by groups of mixed 

inflammatory cells, occasionally associated with single cell necrosis. Paraffin 

embedded H&E stained slides of adipose tissue were analyzed using digital image 

analysis software (17). Crown-like structures, indicative of adipocyte death and 

macrophage infiltration (18), were counted for five x200 fields per mouse.  

 

Fatty acid absorption 

Diet and feces were saponified with methanolic NaOH, extracted with hexane, 

converted to methyl esters, and analyzed by gas chromatography to quantitate the 

amounts of behenic acid (C22:0), saturated (14:0, 16:0, 18:0, C20:0, C22:0, C24:0, 

C26:0), monounsaturated (C18:1ω7, C18:1ω9, C20:1ω9, C22:11ω9, C24:1ω9), 

and polyunsaturated (18:2ω6, 18:3ω3, 20:2ω6, 20:3ω6, 20:4ω6, 20:5ω3, 22:6ω3) 

fatty acids (19). For the experiment using the ASBTi and sucrose polybehenate, 

the coefficient of absorption for each FA was calculated as {1 − (FA/C22:0)feces / 

(FA/C22:0)diet} × 100.  

 

Bile acid analysis 

Bile samples were diluted 1000-fold with Mili-Q water. After homogenizing, 25 

µL of diluted bile was aliquoted into a clean tube for bile acid analysis. For every 10 

samples prepared, one quality control standard bile was included. To each sample 

250 µL internal standard solution was added and vortexed for 60s. Samples were 

centrifuged at 15800 x g and the supernatant poured into a clean glass tube. The 

fluid was evaporated under nitrogen at 40°C. If samples were not measured 

immediately, they were stored in this stage at -20°C. Just prior to analysis, samples 
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were reconstituted in 200 µL of 50% methanol in water, vortexed for 60s and 

centrifuged for 3 min at 1800 x g. The supernatant was transferred into a 0.2 µm 

spin-filter and centrifuged at 2000 x g for 10 min. After filtering, the samples were 

transferred into LC-MS vials and analyzed (10 µL injection volume). If 1000 times 

dilution was not sufficient, a new sample was prepared with a higher dilution factor. 

For the quantitative determination of bile acids we used a Nexera X2 Ultra High 

Performance Liquid Chromatography system (SHIMADZU, Kyoto, Japan), coupled 

to a SCIEX QTRAP 4500 MD triple quadrupole mass spectrometer (SCIEX, 

Framingham, MA, USA) (UHPLC-MS/MS). The LC-MS/MS system is controlled by 

Analyst MD 1.6.2  software.   

 

Hepatic lipids 

Hepatic lipids for the experiment with the ASBTi were extracted according to a 

protocol based on the Folch method (20). Briefly, lipids were extracted from ~60mg 

liver tissue using 3 ml of chloroform:methanol (2:1) and incubated at 55C for at 

least 2h. Phases were seperated by adding 0.05% (v/v) sulfuric acid in water and 

centrifugation at 1500rpm for 15 minutes. Part of the bottom layer was transferred, 

dried down under nitrogen and dissolved in 2% (v/v) TritonX-100 in water. Hepatic 

concentrations of total cholesterol (Pointe Scientific, C7510-01-906), free 

cholesterol (Wako Diagnostics, Cat# 993-02501) and triglyceride (Wako 

Diagnostics, Cat#994-02891 and 990-02991) were subsequently measured by 

enzymatic assays. 

Livers from the experiments with Asbt
-/-

 mice were mechanically homogenized 

in liquid nitrogen. Lipids were extracted from 15% homogenates in PBS according 

to Bligh and Dyer (21). Subsequently, total and free cholesterol and triglyceride 

levels were determined using commercially available reagents (DiaSys Diagnostic 

Systems, Holzheim, Germany and Roche Diagnostics, Mannheim, Germany).  

 

Statistical analyses 

Data are presented as means ± standard errors (SEM), unless stated otherwise 

Statistical analyses were performed and graphs were created using GraphPad 

Prism 6 (GraphPad Software, La Jolla, CA, USA). Differences between 4 groups 

were assessed by 2-way ANOVA using Sidak’s post-hoc test. Differences between 

2 groups were assessed using Mann-Whitney U test.  Significance is indicated as 

*P < 0.05,  **P < 0.01, ***P < 0.001. 
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Results 

Effect of ASBT inhibition on absorption of different fatty acid species 

To investigate the role of ASBT in the absorption of different fatty acids, we first 

examined the effect of the ASBT inhibitor SC-435 (ASBTi) on intestinal fat 

absorption in mice. To this end, mice were fed a trans-fat-enriched high fat diet 

(tHFD) containing 45% fat, mainly from hydrogenated soybean oil, (see Table S1 

for detailed fatty acid profiles of the different diets used) with or without the ASBTi 

for 2 weeks. There were no differences in bodyweight, liver weight, liver TGs or 

food intake (Table S2). Total hepatic cholesterol content, however, was decreased 

by the ASBTi (Table S2). Overall intestinal fat absorption was reduced by about 

8% with ASBTi treatment (Fig. 1A, 92.4 vs 84.7%, P<0.001). Absorption of mono-

unsaturated fatty acids (MUFAs), C18:1w7 (vaccenic acid) and C18:1w9 (oleic 

acid) was reduced in ASBTi treated mice by 1.8% and 4.0%, respectively (Fig. 1B). 

Absorption of C18:1t9 (elaidic acid), a trans-fatty acid accounting for 18% of total 

fat in the tHFD (Table S1), was reduced by 5.9% in the ASBTi-treated mice (Fig. 

1B). The absorption of the PUFA C18:2w6 (linoleic acid) was not different between 

control and ASBTi treated mice (Fig. 1B, 97.6 vs 97.5%, P=0.9). Absorption of the 

SFAs 14:0 (myristic acid, -6.5%), C16:0 (palmitic acid, -14.8%) and C18:0 (stearic 

acid, -19.3%) was more strongly reduced (Fig. 1C). In agreement with their BA-

dependency for absorption, the absorption of long chain SFAs was least efficient. 

This is illustrated in Fig. 1D where the absorption of the major SFA species are 

plotted related to their reverse phase high performance liquid chromatography 

(HPLC) retention time, a reflection of hydrophobicity (7). Fatty acids with a longer 

retention time are more hydrophobic and thus more reliant on intestinal bile acids 

to aid in their micellar solubilization and absorption. 
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Figure 1. The effect of ASBTi treatment on intestinal absorption of fatty acids. A) Total fat 

absorption, B) fat absorption of the main dietary monounsaturated and polyunsaturated fatty acid 

species and C) fat absorption of different saturated fatty acid species in WT mice fed a tHFD with and 

without ASBT inhibitor (ASBTi); D) fat absorption of the 3 major saturated fatty acids plotted against 

their reverse phase high performance liquid chromatography (HPLC) retention time for WT mice fed a 

tHFD with and without an ASBTi,; n=8.  

 

Effect of modulation of dietary fat composition on diet induced obesity in Asbt
-/-

 

mice  

To assess the consequences of ASBT deficiency on the handling of different 

fatty acids in vivo we determined the effect of high fat diets (HFD) composed of 

different fatty acids on body weight gain and metabolic homeostasis in mice with 

genetic inactivation of Asbt (Asbt knockout mice, Asbt
-/-

 mice). First, Asbt
-/-

 mice 

and wildtype (WT) littermates were fed a lard based 60% HFD (containing 91% of 

fat calories from lard), from now on referred to as saturated fat high fat diet (sHFD), 

and a matched 10% low fat control diet (sLFD). Second, mice were fed a 60% HFD 

mainly composed of soybean and canola oil, from now on referred to as 

polyunsaturated HFD (pHFD). The fatty acid composition of the fats in the sHFD 

and sLFD were identical and included 35% saturated and 29% polyunsaturated 
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fatty acids (Table S1). The pHFD contained only 11% of fat calories from lard and 

the rest from soybean and canola oil, and included 17% saturated and 49% 

polyunsaturated fatty acids (Table S1). 

Asbt
-/-

 mice displayed reduced weight gain in response to sHFD as compared to 

WT littermates (Fig. 2A). In contrast, no difference in weight gain was observed for 

the sLFD between genotypes (Fig. 2A). After 11 weeks on diet, Asbt
-/-

 mice had a 

significantly lower body weight than WT mice on a sHFD (Fig. 2B, 36.0 vs 44.4 g, 

P=0.001), but not on a sLFD (Fig. 2B, 29.7 vs 31.1 g, P=0.8). Food intake and 

energy expenditure were not different between the four groups (Fig. S1A-B). The 

percentage of fat mass was significantly reduced in Asbt
-/-

 mice compared to WT 

mice as determined by magnetic resonance imaging (Fig. 2C, 34.2 vs 41.4%, 

P=0.03) whereas lean mass was not significantly affected (Fig. 2C, 55.3 vs 50.3%, 

P=0.08). Assessment of the different fat depots showed significantly lower mass of 

omental, inguinal and brown, but not epididymal (visceral) adipose tissue in Asbt
-/-

 

mice as compared to WT mice (Fig. S1C). Histological examination of epididymal 

adipose tissue of sHFD fed mice revealed a reduction in crown-like structures in 

Asbt
-/-

 mice as compared to WT mice, indicative of a reduction in dead adipocytes 

and subsequent inflammation (18) (Fig. S2A-C). Together these data show that 

Asbt
-/-

 mice are protected from obesity induced by a HFD rich in saturated fats. 

Previously, it has been shown that the obesogenic effects of a HFD in mice is 

depend on the lipid composition (22,23). Fig. 1 shows that upon ASBT inhibition 

the absorption of SFA is reduced to a greater extent than the absorption of mono- 

and polyunsaturated fats, which is in line with their dependence on BA micellar 

solubilization. We next assessed bodyweight gain in Asbt
-/-

 mice on a HFD rich in 

PUFAs (pHFD). Food intake of mice receiving the pHFD was similar to the sHFD 

and not different between Asbt
-/-

 and WT mice (Fig. S1D). The pHFD was less 

effective at inducing obesity compared to the sHFD, and both WT and Asbt
-/-

 mice 

displayed a similar bodyweight gain over the course of 11 weeks on the pHFD diet 

(Fig. 2D). There was no significant difference in bodyweight (Fig. 2E, 33.6 vs 36.0 

g, P=0.3), fat composition (28.3 vs 30.8%, p=0.4) or lean mass (59.0 vs 56.9%, 

P=0.3) (Fig. 2F) between the Asbt
-/-

 and WT mice after 11 weeks of pHFD. A 

comparison of the body weight gain of the Asbt
-/-

 mice fed the sHFD and pHFD 

suggests different handling of individual fatty acids by Asbt
-/-

 could contribute to 

their protection against diet induced obesity.  
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Figure 2: Role of ASBT in the longterm effects of diets with a different fatty acid composition. A) 

Time course of bodyweight gain expressed as percentage of starting bodyweight, B) bodyweight at 

week 11 of WT and Asbt
-/-

 mice on LFD and sHFD, n=9-10; C) body composition after 13 weeks of 

sLFD and sHFD diet, n=9-10. D) weight gain in percentage of starting bodyweight on pHFD, n=6; E) 

bodyweight at week 11 of pHFD, n=6 F) body composition after 13 weeks of pHFD diet, n=6. 

 

Effect of modulating dietary fat composition on glucose tolerance and insulin 

sensitivity in Asbt
-/-

  

To assess whether sHFD feeding induced a difference in glucose metabolism in 

Asbt
-/-

 mice, we performed an oral glucose tolerance test (OGTT), intra-peritoneal 

insulin tolerance test (ITT) and measured plasma insulin levels. sLFD feeding for 

12 weeks did not induce differences in OGTT, ITT and plasma insulin between 

Asbt
-/-

 and WT mice (Fig. S3A-C). Asbt
-/-

 mice fed a sHFD for 12 weeks did not 

display a difference in OGTT compared to WT controls, represented by the area 

under the curve (AUC) (Fig. 3A, AUC 2324 vs 2155, P=0.1). However, an ITT 

showed a pronounced improvement in insulin sensitivity (Fig. 3B, AUC 1438 vs 

898, P<0.001). This was also reflected by a significantly lower plasma insulin after 

a 4 hour fast in Asbt
-/-

  compared to WT mice (Fig. 3C, 0.7 vs 3.6 ng/ml, P=0.001).  

To assess whether the dietary fatty acid profile affected changes in glucose 

metabolism, we performed the same tests in the pHFD fed cohort. There was no 

difference in oral glucose tolerance or insulin tolerance between Asbt
-/-

 mice 

compared to WT mice fed a pHFD (Fig. 3D-E). In line with a lower total overall 

bodyweight gain for mice on the pHFD compared to the sHFD (Fig. 2), insulin 
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sensitivity was largely preserved on the pHFD for both WT and Asbt
-/-

 mice (Fig. 

3B,E). However, plasma insulin was slightly lower in Asbt
-/-

  compared to WT mice 

on a pHFD (Fig. 3F, 0.4 vs 1.1 ng/ml, P=0.05).  

 
Figure 3. Glucose homeostasis in Asbt

-/-
 and WT mice fed different HFD. A) Oral glucose tolerance 

test (OGTT) and area under the curve (AUC) (inset); B) Intraperitoneal insulin tolerance test (ITT) and 

AUC (inset); C) plasma insulin levels in WT and Asbt
-/- 

mice fed a sHFD; n=9-10; D) OGTT and AUC 

(inset); E) ITT and AUC (inset); F) plasma insulin levels in WT and Asbt
-/- 

mice fed a pHFD; n=6. 

 

Effect of modulating dietary fat composition on hepatic lipid accumulation in Asbt
-/-

 

mice  

Previously, it was shown that treatment with an ASBT inhibitor in mice prevents 

the development of NAFLD (12). To determine whether these effects are also 

observed in Asbt
-/- 

mice, we determined hepatic lipid content in mice challenged 

with a sHFD for 16 weeks. Liver to bodyweight ratio was similar in Asbt
-/-

 compared 

to WT mice fed a sLFD but was lower in Asbt
-/-

 compared to WT mice on a sHFD 

(Fig. 4A, 0.04 vs 0.03, P=0.02). Absolute liver weights were also significantly lower 

in Asbt
-/-

 mice compared to WT mice fed a sHFD (Fig. S4A). Liver triglyceride (TG) 

content was low in the sLFD fed mice, and was not significantly different between 

Asbt
-/-

 compared to WT mice fed a sLFD (Fig. 4B, 23.8 vs 33.9 µmol/g, P=0.7). 

However, liver TG levels were markedly increased after feeding the sHFD and this 

increase was blocked in Asbt
-/-

 versus WT mice (Fig. 4B, 46 vs. 221 µmol/g, 

P<0.001), The biochemical findings were supported by evaluation of the liver 

histology, with a significantly lower NAFLD activity score (NAS) in Asbt
-/-

 mice 
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compared to WT mice fed a sHFD (Fig. S5A-C). Inactivation of Asbt was also 

highly effective in reducing hepatic cholesterol concentrations, both in sLFD and 

sHFD fed mice (Fig. 4C, 4.1 vs 6.1 µmol/g, P=0.02; 4.2 vs 9.5 µmol/g, P<0.001; in 

Asbt
-/-

 and WT  mice, respectively).  

We also assessed the effect of Asbt deficiency on hepatic lipid accumulation in 

the pHFD cohort. Liver to bodyweight ratio as well as absolute liver weights were 

not different between Asbt
-/- 

and WT mice fed a pHFD (Fig. 4D and Fig. S4B). 

Liver TG content was only modestly increased in the pHFD-fed mice, reflecting the 

reduced dietary content of SFA, and showed a trend towards reduced levels in 

Asbt
-/- 

compared to WT mice (Fig. 4E, 40.4 vs 65.0 µmol/g, P=0.07). Total 

cholesterol was significantly lower in Asbt
-/- 

versus WT mice (Fig. 4F, 6.1 vs 8.0 

µmol/g, P=0.01) after 16 weeks of pHFD feeding. These data demonstrate that 

Asbt inactivation reduced hepatic lipid accumulation independent from dietary fatty 

acid composition.   

 
Figure 4. Heptic lipid content in WT and Asbt

-/-
 mice fed different HFD. A) Liver weight to body 

weight ratio; B) Liver triglycerides and C) Hepatic total cholesterol in mice fed the sHFD, n=8-10 D) 

Liver weight to body weight ratio; E) Hepatic TGs and F) Hepatic total cholesterol in mice fed the pHFD, 

n=6. 
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Effect of modulating dietary fat composition on biliary BA secretion and fecal fat 

excretion in Asbt
-/-

 mice  

We hypothesized that the reduced fat absorption observed upon Asbt inhibition 

in mice is due to a lower intestinal BA concentration. Indeed, biliary BA secretion in 

Asbt
-/-

 mice was 47% lower compared to WT mice fed a sHFD (Fig. 5A, 70 vs 132 

µmol/24h/100gBW, p=0.03) and 41% lower in Asbt
-/-

 compared to WT mice on the 

pHFD (Fig. 5B, 63 vs 106 µmol/24h/100gBW, p=0.004). The bile of Asbt
-/-

 mice 

contained relatively more tauro-deoxycholic acid and less tauro-beta-muricholic 

acid as compared to WT mice for the sLFD and sHFD which resulted in a more 

hydrophobic BA composition as calculated using the hydrophobicity index values of 

Heuman (24) (Fig. S6). A similar change in profile was observed on the pHFD 

(data not shown). Fecal fat excretion after 15 weeks of sHFD or pHFD feeding is 

shown in Fig. 5 and 6. Similar results were observed after 5 weeks of sHFD 

feeding (data not shown). Total fecal fat excretion was significantly higher in Asbt
-/-

 

mice compared to WT mice fed a sHFD  (Figure 5C, 79.3 vs 24.2 µmol/24h, 

P<0.001). On the pHFD overall fecal fat excretion was lower than on the sHFD but 

increased in Asbt
-/-

 mice compared to WT mice (Fig. 5D, 50.8 vs 12.4 µmol/24h, 

P<0.001).  Fig. 5E shows the fecal excretion of the major unsaturated fatty acids in 

the diet. Absolute fatty acid excretion was higher for the monounsaturated fatty 

acids, vaccenic (C18:1ω7) and oleic acid (C18:1ω9) and lower for the 

polyunsaturated fatty acids, linoleic (C18:2ω6) and alpha linoleic acid (C18:3ω3). 

Fecal excretion of all unsaturated fatty acids was significantly increased by about 

3-fold in Asbt
-/-

 compared to WT mice. Similar results were observed on the pHFD, 

although the fecal excretion of oleic acid (C18:1ω9) was increased by about 5-fold 

while this was about 3-fold for the other unsaturated species (Fig. 5F). .  

For the SFA, fecal excretion was significantly increased by 2.2 fold for myristic 

acid (C14:0), 3.3 fold for palmitic acid (C16:0) and 3.4 fold for stearic acid (C18:0) 

(Fig. 6A) in Asbt
-/-

 compared to WT mice on a sHFD, confirming earlier results 

obtained using a pharmacological inhibitor of the ASBT (Fig. 1). On the pHFD fecal 

excretion was significantly increased for myristic acid by 1.3 fold, palmitic acid by 

4.9 fold and stearic acid by 4.5 fold (Fig. 6B). To assess the effect of Asbt 

inactivation on excretion of hydrophobic saturated fatty acids compared to 

polyunsaturated fatty acids, we calculated the fecal ratio of saturated to 

polyunsaturated fatty acids. On both the sHFD and pHFD diet, Asbt
-/-

 mice 

excreted more saturated fatty acids than polyunsaturated fatty acids compared to 

WT mice (Fig. 6C-D) confirming earlier results on fat absorption obtained using a 

pharmacological inhibitor of ASBT (Fig. 1). 
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Figure 5. Biliary bile acid secretion and fecal fatty acid excretion in Asbt

-/- 
mice fed a sHFD and 

pHFD. Biliary bile acid secretion of WT and Asbt
-/-

 mice A) after 16 weeks of sHFD, n=9-10, and B) after 

16 weeks of pHFD, n=6. Total fecal fat excretion of WT and Asbt
-/-

 mice on C) sHFD, n=10, and D) 

pHFD, n=7. Fecal excretion of the main poly- and monounsaturated fatty acids of WT and Asbt
-/-

 mice 

on E) the sHFD, n=10, and F)  the pHFD, n=7. 

 



Inhibition of ASBT mitigates diet-induced hepatic steatosis and increases fecal fat excretion 

 

169 

 
Figure 6. Fecal excretion of saturated fatty acids Asbt

-/- 
mice fed a pHFD. Fecal excretion of the 

main dietary saturated fatty acids in WT and Asbt
-/-

 mice on A) the sHFD, n=10, and on B) the pHFD, 

n=7. Ratio of the fecal excretion of all saturated fatty acids and polyunsaturated fatty acids on C) the 

sHFD, n=10, and on D) the pHFD, n=7.  
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Discussion 

In the current study we investigated the role of ASBT function in the intestinal 

absorption of individual fatty acid species and how this affects diet-induced 

metabolic dysfunction. The efficacy of intestinal absorption varies for different fatty 

acid species (25). Cholesterol and long chain SFAs are more dependent on 

micellar solubilization by BAs for their absorption from the intestinal lumen by the 

enterocyte (6,26,27). Here we show that inhibition of ASBT in mice results in 

decreased intestinal absorption of long chain mono-unsaturated and particularly 

SFA species, which is likely to contribute to its protection against hepatic steatosis. 

Significant beneficial effects on obesity and insulin resistance were only observed 

in the SFA rich HFD but not in the PUFA rich HFD. However, the PUFA rich HFD 

did not induce obesity in WT mice to the same extent as the SFA rich HFD, 

suggesting different handling of dietary fatty acids.  

Upon inhibition of ASBT, the enterohepatic circulation of BAs is interrupted 

resulting in fecal BA loss and a compensatory upregulation of BA synthesis. The 

increase in BA synthesis, however, only partially compensates for the loss, 

resulting in approximately a 60 to 80% reduction in BA pool size in Asbt
-/-

 mice 

(28). Previously, it was reported that Asbt
-/-

 mice on a low fat diet displayed only 

slightly increased fat excretion and decreased cholesterol absorption (8). Based on 

these findings it was speculated that lipid absorption in Asbt
-/-

 mice is relatively 

preserved due to a change in BA pool composition towards a more hydrophobic 

profile containing proportionally more taurocholic acid (TCA) and less tauro-β-

muricholic acid (Tβ-MCA), shown to be more efficient in micellar solubilization 

(29,30). Indeed, previous studies in mice have shown that a high abundance of 

MCA results in a more hydrophilic BA profile and reduced intestinal cholesterol 

absorption even when the total BA pool is increased (30–32). Recently, we 

demonstrated that genetic inactivation of ASBT in mice nearly abrogates intestinal 

cholesterol absorption (fractional absorption <5%) in the presence of a similar 

hydrophobic biliary BA profile as the current study (11). Therefore, although we did 

not measure intestinal BA concentrations directly, it is tempting to speculate that 

the total intralumenal BA concentrations in Asbt
-/-

 mice were rate-limiting in 

enhancing the absorption of cholesterol and fat. Indeed, a previous measurement 

of the bile acids and cholesterol in the liquid phase of the proximal small intestine 

lumenal contents in Asbt
-/-

 mice revealed a 64% decrease in the molar ratio of bile 

acids to cholesterol versus WT mice [8].  
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 It was previously shown in various in vivo models that ASBT inhibition improves 

features of obesity such as hepatic steatosis and hyperglycemia (12,33,34). The 

mechanism underlying these changes, however, has remained unclear. In the 

current study, Asbt
-/- 

mice fed a lard based HFD, containing over 30% saturated fat, 

gained less weight than WT littermates fed the same diet. This could be explained 

either by a direct effect of absorbing less calories from fat or due to an indirect e.g. 

hormonal or microbial effect. It has been suggested that, when more fatty acids 

reach the distal intestine, they affect glucagon like peptide-1 (GLP-1) release, 

resulting in improved glucose homeostasis (35). As fat absorption was most 

profoundly affected for long chain MUFA and SFA, we also fed Asbt
-/- 

mice a 

soybean and canola oil based HFD, containing about 15% saturated fat. 

Bodyweight gain of Asbt
-/- 

mice on the pHFD was similar to WT littermates, 

however overall bodyweight gain of WT mice was less on the pHFD compared to 

the sHFD. This indicates that the pHFD was less effective in inducing metabolic 

abnormalities and therefore, the impact of ASBT inactivation was also smaller. 

Total fecal fat excretion was lower on the pHFD, suggesting either more efficient 

absorption or lower dietary fatty acid intake on the pHFD. The sHFD and pHFD 

experiments were conducted at different times and, therefore, differences cannot 

be statistically tested. Average food intake (measured over 48 hours) was slightly 

lower in the pHFD compared to the sHFD (~2.5g/day/mouse vs ~2.7g/day/mouse) 

but could be overestimated as food intake, especially on the pHFD, was difficult to 

measure due to the diet consistency. Additionally, the fat source in rodent chow 

diets affects the degree of weight gain even when amount of food intake is similar 

(22,23). However, in contrast to our observations, in the study by Ikemoto et al., a 

soybean oil based HFD increased bodyweight more significantly than a lard based 

HFD after 19 weeks of diet in C57BL/6J mice (23).  

Interestingly, Asbt
-/-

 mice had increased fecal fat excretion and lower hepatic 

cholesterol levels, as well as a similar trend for hepatic TG and fasting plasma 

insulin levels, independent of diet. The strong effects of ASBT inhibition on 

lowering hepatic cholesterol levels are likely explained by decreased absorption of 

cholesterol and increased catabolism of cholesterol to BAs (11). As for hepatic lipid 

content, Rao et al. previously described significant differences in liver TG 

accumulation in Asbt
-/- 

mice compared to WT mice after only 1 week of HFD 

feeding (12). The benefits of genetic ASBT inactivation on hepatic steatosis were 

very clear on the sHFD and a trend towards lower hepatic TG levels was also 

observed in Asbt
-/- 

mice on the pHFD. It is therefore likely that these effects are 

mediated by the effects on fat absorption, although changes in activation of FXR or 
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TGR5 or in microbiota may also contribute. The trend towards lower insulin levels 

in Asbt
-/- 

mice fed a pHFD could be related to the trend in liver TG levels. Insulin 

resistance is highly correlated to hepatic TG levels and can occur independent of 

intra-abdominal fat accumulation (36).  

 

Together, our data show that ASBT deficiency impairs long chain MUFA and 

particularly SFA absorption, which might be responsible for the beneficial effects 

observed on hepatic steatosis. Future experiments are necessary to directly 

assess the role of reduced fat absorption by ASBT inhibition on metabolic 

outcomes.   Additionally, we found that a HFD rich in SFA was more effective in 

inducing obesity in mice compared to a HFD rich in PUFA. This observation 

highlights the importance of dietary fat source and composition in metabolic 

research interpretation and design in mice.  

The implications of this study for human physiology require further investigation 

as human BA profiles are different (i.e. the absence of hydrophilic MCAs) and fat 

absorption might be affected differently by ASBT inhibition. These findings advance 

our understanding of the underlying mechanisms of modulating BA homeostasis to 

combat hepatic steatosis and obesity. With the growing epidemic of NAFLD, 

obesity, and associated metabolic diseases, new treatment options are necessary 

and the findings suggest that interruption of the enterohepatic circulation by ASBT 

inhibition may be a promising target. 
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Supplementary figures 

 LFD sHFD pHFD tHFD 

Total fat percentage 10 60 60 45 

     

Profiles (%)     

All polyunsaturated 29 27 49 10 

C18:2W6 [linoleic] 26 25 42 10 

C18:3W3 [α-linoleic] 3 2 7 <1 

rest - - - - 

     

Monounsaturated 34 38 34 39 

C18:1w7 2 2 3 7 

C18:1w9 30 33 30 32 

rest 2 3 1 - 

     

Trans - - - 21 

C18:1 [elaidic] - - - 21 

rest - - - - 

     

Saturated 37 35 17 30 

C16:0 [palmitic] 25 23 12 18 

C18:0 [stearic] 10 11 4 12 

rest 2 1 1 <1 

Table S1. Fatty acid profiles measured by gas chromatography of the different diets used in this 

study. Total fat percentage expressed as percentage of calories. LFD: low fat diet, sHFD: saturated fat 

(mainly lard based) high fat diet, pHFD: polyunsaturated fat (mainly soybean and canola oil based) high 

fat diet, tHFD: trans-fat (mainly hydrogenated soybean oil based) high fat diet.  
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 tHFD tHFD + ASBTi p-value 

Food intake (g/24h) 3.4 (0.1) 3.2 (0.1) 0.2 

Feces (g/24h) 0.3 (0.04) 0.4 (0.03) 0.001 

Bodyweight (g) start 27.6 (1.9) 28.8 (2.2) 0.3 

Bodyweight (g) after 2 weeks tHFD 27.6 (1.7) 28.6 (2.1) 0.3 

    

Liver weight (g) 1.4 (0.3) 1.4 (0.2) 0.8 

Liver weight/bodyweight 0.05 (0.007) 0.05 (0.004) 0.9 

Liver triglycerides (µg/g) 24.1 (17.6) 22.4 (16.8) 0.4 

Liver total cholesterol (µg/g) 3.5 (0.5) 2.4 (0.2) 0.001 

Liver free cholesterol (µg/g) 2.3 (0.16) 2.1 (0.17) 0.06 

Table S2. Bodyweight, liver weight and hepatic lipid content in mice with and without ASBTi 

treatment 

 

 
Figure S1. Food intake, energy expenditure and fat depots weights in WT and Asbt

-/-
 mice fed 

different HFD. A) Food intake of WT and Asbt
-/-

 mice fed a sLFD and sHFD, n=9-10, B) energy 

expenditure after 12 weeks of sLFD and sHFD in WT and Asbt
-/-

 mice, n=5-6, C) weight of different fat 

depots in WT and Asbt
-/-

 mice fed a sLFD and sHFD, n=9-10, D) food intake of WT and Asbt
-/- 

mice fed 

a pHFD, n=6 
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Figure S2. Adipocyte histology in Asbt
-/-

 and WT mice after longterm sHFD feeding. A) H&E 

staining of adipocytes of WT mice after 16 weeks of sHFD showing crown like structures (indicated by 

black arrows) B) H&E staining of adipocytes of Asbt
-/- 

mice after 16 weeks of sHFD showing no crown 

like structures, representative samples; C) quantification of crown-like structures on adipocyte histology; 

n=5 

 

 

 

Figure S3. Glucose homeostasis in WT and Asbt
-/-

 mice fed a sLFD. A) Oral glucose tolerance test 

(OGTT) of WT and Asbt
-/- 

mice on a sLFD, B) insulin tolerance test (ITT) of WT and Asbt
-/- 

mice on a 

sLFD, C) plasma insulin levels of WT and Asbt
-/- 

mice on sLFD; n=9-10 
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Figure S4. Absolute liver weights in WT and Asbt

-/-
 mice fed different HFD. A) Liver weight in WT 

and Asbt
-/-

 mice fed a sLFD and sHFD B) liver weight in WT and Asbt
-/-

 mice fed a pHFD 

 

 

Figure S5. Liver histology of WT and Asbt
-/-

 mice fed a sHFD. A) H&E staining of WT mouse liver 

after sHFD feeding B) H&E staining of Asbt
-/-

 mouse liver after sHFD feeding, representative samples; 

C) NAFLD activity score (NAS) based on histology, n=4-5 
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Figure S6. Biliary bile acid profile and hydrophobicity index in WT and Asbt

-/-
 mice fed a sLFD 

and sHFD. CA: cholic acid, G-CA: glycol-cholic acid, T-UDCA: tauro-ursodeoxycholic acid, T-CA: tauro-

cholic acid, T-CDCA: tauro-chenodeoxycholic acid, T-DCA: tauro-deoxycholic acid, T-LCA: tauro-

lithocholic acid, αMCA: α-muricholic acid:  βMCA: β-muricholic acid, ωMCA: ω-muricholic acid, T- 

αMCA: tauro- α-muricholic acid, T-βMCA: tauro-β-muricholic acid, T-HDCA: tauro-hyodeoxycholic acid; 

n=9-10 
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