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HIGHLIGHTS 

 High-fat diet induces downregulation of intestinal Mdr-1. 

 High-fat diet-induced Mdr-1downregulation negatively impacts on its barrier 

function. 

 TNF-α signaling plays a role in Mdr-1downregulation induced by high-fat diet. 

 Impairment of the Mdr-1 barrier function may have consequences on drug 

bioavailability. 
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ABSTRACT 

Multidrug resistance transporter-1 (Mdr-1) is a relevant component of the intestinal 

transcellular barrier by decreasing oral drugs absorption, thus modulating their 

bioavailability. Obese patients with metabolic disorders take medicaments that are 

subjected to intestinal metabolism and Mdr-1-dependent barrier.  

Objective: Evaluate the effect of a high-fat diet (HFD, 40% fat for 16 weeks) on Mdr-1 

expression and transport activity, in C57BL/6 (C57) male mice. Comparable studies 

were performed in TNF-α receptor 1 knockout mice (R1KO) to delineate a possible role 

of TNF-α signaling. Methods: mRNA expression was evaluated by real-time PCR, and 

protein levels by western blotting and immunohistochemistry. Mdr-1 activity was 

assessed using the everted intestinal sac model, with Rhodamine 123 as substrate. 

Statistical comparisons: student-t test or one-way ANOVA followed by the post hoc 

Tukey test. 

Results: Mdr-1 protein as well as its corresponding mRNAs Mdr1a and Mdr1b was 

decreased in C57-HFD compared with controls. Immunohistochemical studies 

confirmed downregulation of Mdr-1 in situ. These results correlated with a 48% 

decrease in the basolateral to apical transport of Rhodamine 123. In contrast, R1KO-

HFD neither modified intestinal Mdr-1 mRNAs, nor its protein expression or activity. 

Besides, C57-HFD showed elevated intestinal TNF-α mRNA and protein (ELISA 

assay) levels, whereas in R1KO-HFD was undetectable or either with lower increase, 

respectively. 

Conclusion: We demonstrate for the first time an impairment of the Mdr-1 intestinal 

barrier function induced by HFD as a consequence of both Mdr-1 gene homologues 

downregulation, resulting in impaired Mdr-1 protein expression. TNF-α receptor 1 

signaling-mediated inflammatory response is likely involved.  

 

Keywords: high-fat diet; Mdr-1; inflammation; TNFR1. 
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ABC, ATP-binding cassette; AUC, area under the curve; BBM, brush border 

membrane; C, control; ELISA, Enzyme-Linked Immunosorbent Assay; HFD, High-fat 

diet; IPGTT, intraperitoneal glucose tolerance test; ITT, intraperitoneal insulin tolerance 

test; MetS, metabolic syndrome; Mdr-1, Multidrug resistance transporter-1; TNF-α, 

Tumor necrosis factor-alpha; TNFR1, Tumor necrosis factor receptor 1; R1KO, Tumor 

necrosis factor receptor 1 knockout; w/v; weight/volume; P-gp, P-glycoprotein; 

CYP3A, cytochrome P450 3A; R123, Rhodamine 123. 

 

 

INTRODUCTION 

Multidrug resistance transporter 1 (Mdr-1, AbcB1), also termed P-glycoprotein (P-gp), 

is an efflux drug transporter belonging to the ATP-binding cassette (ABC) family. It is 

expressed in many tissues including liver, intestine, kidney and brain among others. In 

particular, in intestine, Mdr-1 is found in the apical membrane of enterocytes 

predominantly at the ileum level [1, 2]. Mdr-1, working in concert with the 

biotransformation enzyme cytochrome P450 3A (CYP3A), constitutes a major 

component of the intestinal transcellular barrier by decreasing the absorption of dietary 

contaminants and additives as well as therapeutic drugs orally incorporated, therefore 

limiting their oral bioavailability [3, 4]. Mdr-1 expression and/or activity can be 

regulated under certain pathological processes such as metabolic syndrome (MetS) or 

diabetes [5, 6].  

Solid evidence indicates that obesity is the driving force behind the MetS development 

[7]. Noticeably, the obesity is a pathological condition that occurs with chronic systemic 

inflammation, linked to over nutrition and constituting a precursor factor to a number of 

co-morbidities, with the metabolic disease being the most prominent [8, 9]. 

Of particular interest is the fact that metabolic disorders are also a risk factor for drug 

toxicity, since patients under these conditions take medicaments that require intestinal 

metabolism and transport, and frequently exhibit variations in their bioavailability [10]. 

Consequently, it is important to determine whether changes in the intestinal Mdr-1 

function occur in such conditions, which could result in altered therapeutic efficiency or 

eventually increased toxicity of Mdr-1 substrates of medicinal use.  

Feeding mice with a high-fat diet (HFD) can induce metabolic disorders resembling the 

human pathology. In this condition, it is induced the production of proinflammatory 
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mediators, such as tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β) and 

interleukin-6 (IL-6) [11].  

TNF-α is the first proinflammatory cytokine described in adipose tissue linking insulin 

resistance to obesity [12]. On this regard, it has been reported an increased expression of 

TNF-α in obese mice and humans [13] and its neutralization reverts insulin resistance in 

rodents [12]. Particularly in the case of the intestine, it has been shown that mice fed 

with HFD promote TNF-pathway activation in ileal epithelial cells [14].  

TNF-α signal transduction is mediated by two main transmembrane receptors, Tumor 

necrosis factor receptor 1 (TNFR1) expressed in all cell types and Tumor necrosis factor 

receptor 2 restricted to immune cells, endothelial cells and neurons [15]. Several reports 

used TNFR1 knockout (R1KO) mice as a model to delineate the role of TNFR1 

mediated TNF-α signaling in certain pathophysiological situations [16, 17].  

The impact of obesity on intestinal Mdr-1 expression and activity has been poorly 

explored. This is a subject of relevance considering that many drugs of therapeutic use 

are substrates of Mdr-1 and at the same time are subjected to first-pass metabolism at 

the intestinal level. Indeed, only two reports are available in the literature studying the 

effect of obesity models in mice, and present opposite results on Mdr-1 expression [18, 

19], whereas none of them explored functional aspects of this transporter. In contrast, 

regulation of expression and/or activity of ABC transporters by proinflammatory 

mediators eventually associated to obesity, have been largely characterized [20, 21]. 

Concerning Mdr-1 regulation by TNF-α, it has been reported in in vitro studies, in 

human hepatoma cells and primary trophoblast cells, downregulation of Mdr-1 mRNA 

and protein levels as well as in its functionality [22, 23]. 

However, to what extent TNF-α affects Mdr-1 expression and activity in the context of 

obesity and which particular type of TNF-α receptor is involved remain unknown.  

Therefore, the aim of our study was to evaluate the expression and activity of intestinal 

Mdr-1 in mice developing a model of obesity by feeding HFD for 16 weeks. Studies 

were also performed in R1KO mice in order to ascertain the particular influence of 

TNF-α receptor 1 signaling under the current obesity conditions.  

 

MATERIALS AND METHODS 

Chemicals. Rhodamine 123 was obtained from Sigma-Aldrich (St. Louis, USA). 

PSC833 was purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). All other 

chemicals and reagents used were commercial products of analytical-grade purity. 
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Animals and treatments. Young male C57BL/6 mice (20-25 g body weight, 5 weeks 

old, n= 20/group) were purchased from Centro de Investigación y Producción de 

Reactivos Biológicos (CIPReB), School of Medicine, National University of Rosario. 

Knockout C57BL/6-Tnfrsf1atm1Imx/J (R1KO) mice (20-25 g body weight, 5 weeks 

old, n= 20/group), originally obtained from The Jackson Laboratory, were gently 

provided by Dr. Silvia Di Genaro. C57BL/6 and R1KO animals received ad libitum tap 

water and either standard commercial diet (C57-C and R1KO-C groups) or standard 

commercial diet enriched with 40% of fat (C57-HFD and R1KO-HFD groups), for 16 

weeks to induce obesity [24, 25, 17]. Mouse chow was purchased from GEPSA 

(http://www.gepsa.com) and the 40% high-fat diet was prepared as in Lambertucci et al. 

[17]. Animals were grouped (five animals per cage) and kept under controlled 

conditions (23 ± 2°C) with a fixed 12 h light-dark cycle (07:00-19:00). At the beginning 

of the treatment, animals from all experimental groups were subjected to an 

Intraperitoneal Glucose Tolerance Test (IPGTT) to assess basal glycemic metabolism as 

described previously Londero et al. [26]. Body weight (g) and calories intake 

(kcal/animal) were measured weekly. Body weight gain is expressed as percentage 

(final weight x 100/initial weight). 

One week before the end of the treatments, development of insulin resistance was 

confirmed by an Intraperitoneal Insulin Tolerance Test (ITT). All the experimental 

protocols were performed according to the Regulation for the Care and Use of 

Laboratory Animals and were approved by the Institutional Animal Use Committee of 

the National University of Rosario, Argentina (Expedient 6109/012 E.C. Resolution 

267/02). 

Specimen collection. Animals were fasted for 12 h and anesthetized (ketamine 200 

mg/kg-midazolam 5 mg/kg body weight). After an abdominal incision, blood samples 

were obtained by cardiac puncture and placed into heparinized tubes to measure 

plasmatic levels of glucose, triacylglycerol and total cholesterol. Fats pads were 

removed from epididymal deposits and wet mass were determined and expressed as % 

of final body weight (epididymal fat weight x 100/ final body weight). For collection of 

ileum specimens, the entire small intestine was extracted (pyloric to ileocecal valve) and 

divided in 3 segments: the first two/thirds corresponding to duodenum and jejunum 

were excluded and the last third of approximately 10 cm was taken and considered as 

the ileum. This segment was carefully rinsed with ice-cold saline and dried with filter 
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paper. For total RNA isolation, small rings were cut from this same region of the 

intestine, frozen in liquid nitrogen and kept at -70°C until isolation for Real-Time 

Polymerase Chain Reaction (PCR) studies. For immunohistochemical studies, ileum 

small rings were fixed in formaldehyde buffer. For Western blot studies, the ileum was 

directly opened lengthwise, the mucus layer was carefully removed, and the mucosa 

was obtained by scraping, weighed, and used for brush border membrane (BBM) 

preparation. For Mdr-1 transport studies, segments of the ileum were immediately used 

in preparation of everted sacs. Aliquots of ileum were homogenized in ice-cold 

phosphate-buffered saline (pH: 7.40) (1:2) for measurement of TNF-α levels by specific 

two-site enzyme-linked immunosorbent assay (ELISA). 

Biochemical assays. The IPGTT was performed before the animals were subjected to 

the dietary treatment, as described previously [26]. For the calculation of the area under 

the curve (AUC) the GraphPad Prism 7 software was used and the values were 

expressed in mg/dL/120 min. 

Plasma glucose, triacylglycerol and cholesterol levels were determined 

spectrophotometrically using commercial kits (Wiener Laboratorios, Rosario, 

Argentina). The ITT was performed 5 days before animals were euthanized [27]. The 

values were expressed as maximum percentage decrease in blood glucose during the test 

[28, 29]. 

Histological assays. Epididymal fat pads were fixed in 4% buffered formalin, paraffin-

embedded, sectioned and stained with hematoxylin-eosin (HE) stain and then visualized 

by optical microscopy (40X). Histological analysis of adipocytes was performed using 

ImageJ software. Adipocyte area was measured in at least 60 cells per mouse (n: 6-10 

mice per group) and the presence of macrophage crown-like structure per field was 

evaluated [30]. 

Real-Time PCR studies. Total RNA was isolated from ileum samples using TRI 

Reagent, (Molecular Research Center Inc, Cincinnati, USA) according to 

manufacturer's instructions. Quality and quantity of RNA were evaluated through 

agarose gel electrophoresis and spectrophotometry (Abs 260nm/280nm), respectively 

[31]. Five micrograms of RNA were used in the RT reaction with oligo (dT) and the 

Omniscript kit (Qiagen, Inc.) according to manufacturer's instructions to obtain the 

cDNA. Real time PCR reactions were carried out on a StepOne (Applied Biosystem, 
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Thermo Fisher Scientific, Foster city, CA, USA) with Power SYBR Green PCR Master 

Mix (Solis Biodyne, Tartu, Estonia) using specific primers (Table 1) [32-34]. The 

efficiency of the real time PCR assays were ensuring by the use of positive controls for 

each evaluated gene. 

Results for gene mRNAs were normalized to the Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) mRNA as housekeeping gene [17]. The results were analyzed 

as relative quantification through the 2
-ΔΔCT

 method and expressed as % of C57-C group 

[35]. 

The specificity of each reaction was verified with a melting curve between 55 ⁰C and 95 

⁰C with continuous fluorescence measure [34]. 

 

Table 1: Primers used for the analysis of mRNA expression 

Gene Gene Description Primer Sequence 

Mdr-1 

Mdr1a [31]   
Fw 5´-AAAGGCTCTACGACCCCCTA-3´ 

Rv 5´-CCTGACTCACCACACCAATG-3´ 

Mdr1b [32]   
Fw 5´-TTGGTGGCACAACAACTCAT-3´ 

Rv 5´-GGCTTTCGCATAGTCAGGAG-3´ 

TNF-α Tumor necrosis factor-α [33]   
Fw 5´-TGTGGCTTCGACCTCTACCTC-3´ 

Rv 5´-GCCGAGAAAGGCTGCTTG-3´ 

GAPDH 
Glyceraldehyde-3-phosphate 

dehydrogenase [16]   

Fw 5´-CACAATTTCCATCCCAGACC-3´ 

Rv 5´-GTGGGTGCAGCGAACTTTAT-3´ 

 

Immunohistochemical studies. Ileum fixed samples in 10% buffered formaldehyde, 

from all groups, were dehydrated and paraffin embedded. After deparaffinization of 

tissue sections in xylene, endogenous peroxidase activity was blocked with 3% H2O2. 

Thereafter, sections were incubated overnight at 4°C with the primary antibody (Mdr-1 

(D-11): sc-55510, Santa Cruz Biotechnology, Dallas, Texas, USA). Then, the CytoScan 

HRP Detection System (Cell Marque, Sigma Aldrich, California, USA) was used. The 

polyvalent biotinylated link was applied and samples were incubated for 30 min at room 

temperature. The HRP streptavidin-label was added and incubated for 30 min. The Mdr-

1 immunoreactivity was visualized with 3,3′-diaminobenzidine (DAB) staining (Sigma 

Aldrich, California, USA), according to the supplier’s instructions. Finally, sections 

were counterstained with hematoxylin, dehydrated and cleared with xylene. 

Microphotographs were taken with a Nikon Eclipse CI-L microscope (Nikon 
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Corporation, Tokyo Japan) [36, 37]. Negative controls were performed to evaluate the 

specificity of the immunohistochemical test (images not shown).  

Western blot studies. Mdr-1 was detected in BBMs as previously studied by Arana et 

al [38]. BBM were prepared from mucosa samples as described before [36]. Briefly, 

aliquots of the BBM preparations were kept on ice and used the same day in Western 

blot studies. Protein concentration was measured by using bovine serum albumin as 

standard [39]. Equal loading and transference of protein was systematically checked by 

both detection of β-actin and staining of the membranes with Ponceau S. Primary 

antibodies used were anti-Mdr1 (Mdr-1 (D-11): sc-55510, Santa Cruz Biotechnology, 

Dallas, Texas, USA) and anti-β-actin (A-2228, Sigma– Aldrich). Immunoreactive bands 

were quantified with Gel-Pro Analyzer software (Media Cybernetics, Inc., Bethesda, 

USA).  

Assessment of Mdr-1 activity in vitro. To characterize the effect of the administration 

of a high-fat diet to mice on intestinal Mdr-1 efflux activity, the in vitro model of 

everted sacs was chosen, where Rhodamine 123 (R123) was used as substrate. In this 

model, R123 is added in the serosal compartment (inside the sac), and is pumped to the 

mucosal compartment (outside the sac) by Mdr-1 [40]. This measure well estimates the 

intestinal barrier function associated to Mdr-1. Briefly, segments from ileum were 

everted, filled with 20 μM R123 and incubated for 30 min with or without the addition 

of the Mdr-1 inhibitor PSC833 (10 μM). Samples of the mucosal compartment were 

obtained at the beginning and at the end of the incubation and subjected to fluorescence 

analysis (λex=485, λem=535) [38]. The results were expressed as % of C57-C group. 

ELISA assay. Ileum homogenates were sonicated with an ultrasonifier [Sonics 

(Newtown, CT, USA) Vibra-cell VCX 130] by six cycles (20 s sonications and 40 s 

pause on ice). The sonicated was centrifuged at 15000 g, for 10 min at 4°C and the 

supernatants were subjected immediately to TNF-α measurement by ELISA technique 

according to the protocol provided by the manufacturer (BD opEIA, mouse TNF 

mono/mono ELISA set, BD Biosciences, San Diego, California, USA) [26]. 

Statistical analysis. Data are presented as mean ± standard error (S.E.). The statistical 

comparison of the results obtained in the different experimental groups were carried out 

using student-t test or one-way ANOVA followed by the post hoc Tukey test for 
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multiple comparisons. Differences were considered to be statistically significant from a 

value of P<0.05. 
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RESULTS 

Verification of baseline glycemic metabolism in C57BL/6 and R1KO mice 

Before starting the HFD dietary treatment, 6-week-old C57BL/6 and R1KO mice were 

subjected to IPGTT and exhibited a glycemic response with a maximum of 229.80 ± 

24.74 mg/dL for C57BL/6 and 258.40 ± 8.25 mg/dL for R1KO mice at 30 min, and a 

progressive decrease to 102.90 ± 10.33 mg/dL and 113.30 ± 5.88 mg/dL at 120 min, 

respectively (Figure 1A). There were no significant differences in the IPGTT response 

between both strains of mice (Figure 1B). 

 

 

Figure 1: Intraperitoneal Glucose Tolerance Test (IPGTT). (A) Graph represents 

glycemic response to glucose overload within 120 minutes after injection. (B) Area 

under curve of IPGTT (mean ± S.E.), no statistical difference was found between 

C57BL/6 and R1KO mice. 

 

Effect of HFD on physiological and biochemical parameters in C57BL/6 and 

R1KO mice: obesity model establishment 

Table 2 shows that after HFD treatment, the calories consumed by R1KO mice were 

similar to the wild-type counterpart (C57-C). Both high fat-fed groups consumed more 

calories (C57-HFD: +36%; R1KO-HFD: +38%) than their respective control groups. 

Consequently, the HFD groups significantly increased their body weight (C57-HFD: 

+54%; R1KO-HFD: +45%) at the end of the feeding regimen compared to their 

respective controls. No difference in body weight gain was found between the KO and 

wild-type strains. 

In both strains of mice, the high-fat feeding regime resulted in more adiposity with 

respect to controls, as shown by a significant increase in the weight of epididymal fat 
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panicles (C57-HFD: +154%; R1KO-HFD: +158%). Moreover, no difference was found 

between the KO and wild-type strains in this parameter. 

In agreement with previous reports [24, 25, 17], the present study shows in Table 2, that 

after feeding male C57BL/6 mice with HFD during a 16-week period, they exhibited 

increased glycemia and features of insulin resistance as well as greater triglyceridemia 

and cholesterolemia when compared to control animals. In contrast to what was 

observed for wild-type animals, and in line with previous studies [41], R1KO-HFD 

mice did not show elevated glycemia levels or insulin resistance. Regarding lipid 

metabolism, R1KO-HFD mice showed increased triglyceridemia and cholesterolemia 

levels than their respective controls (Table 2).  

We then examined histological preparations of epididymal adipose tissue from 

C57BL/6 and R1KO mice. As expected and irrespective of the strain, mice fed with 

HFD significantly increases in the adipocyte size with respect to their controls (C57-

HFD: +72%; R1KO-HFD: +66%). However, KO animals showed smaller sizes (R1KO-

C: 35.7 ± 0.7; R1KO-HFD: 59.3 ± 0.9 µm) than the C57BL/6 mice (C57-C: 41.7 ± 1 

C57-HFD: 71.6 ± 15.8 µm) (Figure 2B). C57-HFD fed mice showed macrophages 

infiltration, visualized as crown-like structures around adipocytes that were not found in 

R1KO-HFD mice (Figure 2A). 

 

Table 2: Effect of HFD on morphometric and biochemical parameters of C57BL/6 

and R1KO mice 

Obesity features C57-C C57-HFD R1KO-C R1KO-HFD 

Calories intake  

(kcal total/animal) 
1293 ± 42.92 1760 ± 43.45&# 1396 ± 76.65 1921 ± 20.54&# 

Body weight gain (%)  41.55 ± 2.47 63.84 ±3.66&# 43.46 ±3.56 62.86 ±2.36&# 

Epididymal fat (%)  1.09 ± 0.18 2.77 ± 0.15&# 0.96 ± 0.09 2.48 ± 0.20&# 

ITT (%)  34.38 ± 12.71 19.12 ± 9.86&#† 37.33 ± 6.41 34.76 ±17.55 

Glycemia (mg/dL)  73.90 ± 6.10 98.10 ± 13.03&#† 76.20 ± 4.15 71.25 ± 8.24 

Cholesterolemia (mg/dL)  89.14 ± 12.91 199.40 ± 25.15&#† 89.58 ± 7.84 119.60 ± 7.97&# 

Triglyceridemia (mg/dL)  71.78 ± 26.58 121.30 ± 21.14&# 74.16 ± 14.80 118.50 ± 13.55&# 
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Data are shown as mean ± S.E. Body weight gain: final weight x 100/initial weight. The 

amount of epididymal fat was calculated as: epididymal fat weight x 100 / final body 

weight. ITT is expressed as maximal percentage of the decrease in blood glucose during 

the test. 
&

, significantly different from C57-C, P<0.05. 
#
, significantly different from 

R1KO-C, P<0.05. 
†
, significantly different from R1KO-HFD, P<0.05. 

 

 

Figure 2: Histological analysis in HE-stained adipose tissue of C57BL/6 and R1KO 

mice. (A) Images are shown at 10X magnification (bar indicates 100 µm), the areas 

selected in the insets are at 40X magnification (bar indicates 50 µm). A representative 

macrophage crown-like structure is marked with the arrow. (B) Adipocyte diameter 

(mean ± S.E.). 
&

, significantly different from C57-C, P<0.05. 
#
, significantly different 

from R1KO-C, P<0.05. 
†
, significantly different from R1KO-HFD, P<0.05.  

Effect of HFD on Mdr-1 expression and activity  

Next, we evaluated the expression and transport activity of Mdr-1 in the ileum of 

C57BL/6 and R1KO mice after HFD feeding. In C57BL/6 mice, HFD caused a 71% 

decrease of Mdr-1 protein expression (Table 3; Figure 3A). Although we did not 

perform a quantitative analysis of the immunohistochemical images, we observed that 

detection of Mdr-1 at the surface of the microvilli was weaker in C57-HFD fed mice 

when compared to controls (Figure 3B). This contrast was consistently observed in all 

the images available and is in well correlation with data on proteins expression. 

Furthermore, HFD caused a 62% decrease in expression of Mdr1a mRNA and a 66% 
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decrease in expression of Mdr1b mRNA (Table 3; Figure 3C, 3D), suggesting 

participation of a transcriptional mechanism. As a significant contribution of our study, 

HFD did not modify Mdr-1 protein expression or its expression at the surface of the 

microvilli as detected in situ and neither changed intestinal Mdr1a or Mdr1b mRNAs 

expression in R1KO mice (Table 3; Figure 3A, 3B, 3C, 3D).  

Consistent with the data on Mdr-1 expression, the amount of R123 accumulated in the 

mucosal compartment of the everted intestinal sacs was significantly lower in C57-HFD 

group (-55%) than in C57-C (Table 3; Figure 3E). This result is consistent with a lower 

intestinal Mdr-1 mediated efflux of the R123. Importantly, Mdr-1 activity was not 

altered in R1KO mice after 16 weeks of HFD feeding in well agreement with the 

unaffected levels of protein and mRNAs (Table 3; Figure 3E). 

Figure 3F shows that the ileum from C57 groups exhibited a decrease in R123 apical 

accumulation after addition of Mdr-1 inhibitor, thus confirming participation of this 

transporter in the current findings.  

 

Table 3: Effect of HFD on Mdr-1 expression and activity 

 
Mdr-1 protein 

expression (%) 

mRNA expression 

 

 

Activity of Mdr-1 

(%) Mdr1a (%) Mdr1b (%) 

C57-C 100.00 ± 4.01 100.00 ± 21.24 100.00 ± 35.01 100.00 ± 11.57 

C57-HFD 28.64 ± 0.27&#† 38.21 ± 14.35&#† 34.14 ± 11.23&#† 45.44 ± 7.38&#† 

R1KO-C 89.93 ± 4.98 80.29 ± 12.79 116.10 ± 20.60 78.74 ± 7.45 

RIKO-HFD 83.14 ± 7.64 75.61 ± 5.56 106.90 ± 23.41 85.52 ± 9.59 

Data are calculated as % of C57-C and shown as mean ± S.E. Mdr-1 activity in everted 

sacs using R123 as substrate. 
&

, significantly different from C57-C, P<0.05. 
#
, 

significantly different from R1KO-C, P<0.05. 
†
, significantly different from R1KO-

HFD, P<0.05. 
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Figure 3: Effect of HFD on expression and activity of intestinal Mdr-1 in C57BL/6 and 

R1KO mice. Data are shown as mean ± S.E. (A) Mdr-1 protein levels. (B) 

Representative images of Mdr-1 expression as detected in situ. Positive immunostaining 

is observed in C57-C, R1KO-C and R1KO-HFD and marked with black arrows, 

whereas a much weaker signal is detected in C57-HFD (black arrow). Bar indicates 100 

µm. (C) Mdr1a mRNA levels. (D) Mdr1b mRNA levels. (E) Mdr-1 activity in everted 

sacs using R123 as substrate. Graphic shows R123 accumulation at 30 min. 
&

, 

significantly different from C57-C, P<0.05. 
#
, significantly different from R1KO-C, 

P<0.05. 
†
, significantly different from R1KO-HFD, P<0.05. (F) Mdr-1 activity with 

addition of the Mdr-1 inhibitor PSC833. (C57-C+I and C57-HFD+I) or without (C57-C 
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and C57-HFD) 
*
, significantly different from C57-C, P<0.01. 

ɸ
, significantly different 

from C57-HFD, P<0.05. 

 

Intestinal TNF-α expression 

We determined TNF-α protein levels in the same intestinal region used in Mdr-1 

studies. We observed that C57-HFD group showed a significant increase (+65%) when 

compared to C57-C. R1KO-C showed practically complete suppression of this cytokine, 

compared with C57-C mice fed with standard diet. R1KO-HFD showed an increment of 

TNF-α in intestinal tissue; however, its level was still lower than C57-HFD (Table 4, 

Figure 4 A). 

Additionally we measured TNF-α mRNA levels in ileum tissue. C57-HFD group 

showed a significant increase of this proinflammatory cytokine (+148%) when 

compared to the respective controls (Table 4, Figure 4B). In contrast, TNF-α mRNA 

expression, was below the assay detection level, in ileum homogenates from R1KO 

mice irrespective of whether they were fed with HFD or not.  

 

Table 4: Effect of HFD on intestinal TNF-α protein and messenger RNA levels  

 
C57-C C57-HFD R1KO-C R1KO-HFD 

TNF-α protein levels 100 ± 16.92 165 ± 13.34
&#

 ND 42.37 ± 9.69& 

TNF-α mRNA levels  100 ± 6.53 248 ± 44.45
&

 ND ND 

Data are calculated as % of C57-C and shown as mean ± S.E.
 &

, significantly different 

from C57-C, P<0.05. 
†
, significantly different from R1KO-HFD, P<0.05. ND: non 

detectable. 
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Figure 4: Effect of HFD on intestinal TNF-α expression in C57BL/6 and R1KO mice. 

Data are shown as mean ± S.E. (A) TNF-α protein levels. (B) TNF-α mRNA levels. 
&

, 

significantly different from C57-C, P<0.05. 
†
, significantly different from R1KO-HFD. 

ND: non detectable. 

 

DISCUSSION 

Over the last decades, the incidence of obesity has risen dramatically to the extent that it 

is considered a global epidemic. Experimental models mimicking this pathology 

represent a valuable tool to explore potential strategies to prevent or, better yet, revert 

its consequences. Our data confirm that in mice under HFD, the obesity model is 

successfully established. In addition, mice lacking TNFR1, which disrupts TNF-α 

signaling, exhibited sings of obesity as visualized by dyslipidemia and large epididymal 

fat mass, but preserved the systemic sensitivity to insulin, in response to HFD. This 

latter data are in line with those from Bhering Martins and colleagues demonstrating 

that ablation of TNFR1 in mice protected from insulin resistance induced by a high 

carbohydrate diet for 16 weeks [41]. 

The function of the intestinal transcellular barrier is conditioned by a complex array of 

enzymes and transport proteins present in the enterocyte, which metabolize and excrete 

compounds back to the gut lumen. One of the relevant transporters that regulate this 

barrier function is the efflux transporter Mdr-1, which reduces the absorption and 

systemic distribution of a large amount of xenobiotics, such as therapeutic drugs 

incorporated via the gastrointestinal tract [42]. Significantly, the present study shows 

that HFD treatment reduced Mdr-1 protein expression along with in situ protein levels, 

as well as the expression of intestinal Mdr1a and Mdr1b mRNA, in well correlation 

with a lower transport rate of R123, a recognized Mdr-1 substrate. Even more, the 

participation of Mdr-1 in R123 transport was confirmed by inhibition with PSC833, a 

known inhibitor of the transporter. Interestingly, it was shown that expression of 

intestinal CYP3A, an important biotransformation enzyme working in concert with 

Mdr-1, is also diminished in an obesity model [43]. Taken together, the data suggest 

altered disposition of compounds requiring sequential action of both systems. This may 

involve compounds of therapeutic use, eventually leading to alterations in their 

bioavailability and safety.  

So far, previous investigations focused on the study of Mdr-1 expression in metabolic 

diseases. One of them showed a decrease in intestinal Mdr-1 protein and mRNA 
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expression after a 24-week period of HFD feeding with respect to control mice [19]. In 

a second study, the authors found lower expression of intestinal Mdr-1 in Type 1 

diabetes induced by streptozotocin in mice [44]. On the contrary, in a model of obesity 

induced by injection of monosodium glutamate at birth, Mdr-1 protein expression was 

increased in jejunum [18]. Our study supports the preliminary study by Lu et al. [19] 

and, more importantly, demonstrated for the first time an impairment of Mdr-1 

functionality, which resulted in loss of 50% of the native activity. 

As a major contribution of our study, we explored the biological significance of 

abolishing the signaling and function of TNFR1 on intestinal Mdr-1 expression and 

activity in the context of obesity conditions. Our results show that the administration of 

HFD to R1KO mice did not affect the expression or the activity of intestinal Mdr-1 as 

indeed occurred in wild-type mice (see Figure 3). Consequently, it is reasonable to 

speculate that TNF-α acting on type 1 receptor constitutes a relevant pathway in Mdr-1 

regulation in our model. In support to this conclusion, a previous study showed a direct 

effect of TNF-α in Caco-2 cells, which resulted in decreased MDR-1 expression at 

mRNA level as well as in its efflux activity [45]. In line with this, another study in 

colorectal carcinoma cells showed that TNFR1 is essential to reduced NF-κB signaling 

leading to ABCB1 downregulation after long-term TNF-α treatment [46]. Our results 

showed that under high fat diet treatment, TNF-α mRNA was not detected in intestinal 

tissue from knockout mice, besides, TNF-α protein levels was lower in R1KO-HFD 

respect to C57-HFD. In these sense and in accordance with our observations, one study 

reported that high carbohydrate-fed mice with ablated TNFR1 results in lower content 

of inflammatory cytokines among them, TNF-α, in adipose tissue [41]. Herein, although 

the TNF-α protein was detected in the intestinal tissue of the R1KO-HFD mice, possibly 

due to the infiltration of inflammatory cells, since the TNFR1 pathway is inactive in the 

knockout mice, it could confirm that the TNF-α signaling pathway is required for Mdr-1 

negative regulation. Indeed, TNFR1 seems to be the prevalent type receptor in intestinal 

tissue in different species including mice [47]. Collectively, it is clear that it is the TNF-

α-TNFR1 pathway which is involved in regulating Mdr-1 in intestine from wild-type 

animals subjected to HFD. 
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The lack of appearance of proinflammatory milieu in adipose tissue in response to 

knocking down TNFR1, as shown in Figure 2, is consistent with the concept that the 

TNF-α-TNFR1 pathway is indeed inactive in these animals [41].  

Finally, because other proinflammatory cytokines are released under obesity conditions, 

either in patients or animal models like the one currently used, we cannot rule out that 

they contribute, together with TNF-α, to Mdr-1 downregulation and to the consequent 

alteration of the associated transcellular barrier function. Further studies are necessary 

to clarify this issue. 

 

CONCLUSION 

Herein, our main findings are: i) The obesity and consequent metabolic alterations 

induced a decrease in intestinal Mdr-1 (P-gp) expression, with significant impact on its 

efflux activity. ii) The TNF-α-TNFR1 pathway is, at least in part, responsible for the 

reduction of the expression and transport activity of intestinal Mdr-1. Our data alert on 

the potential impact on intestinal first-pass metabolism of drugs associated to Mdr-1 

under conditions of obesity, with eventually occurrence of overdose effects.  
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