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ARTICLE

Orlistat, a competitive lipase inhibitor 
used as an antiobesity remedy, enhances 
inflammatory reactions in the intestine
Dorsilla Anono Katimbwa1, Jisun Oh2, Chan Ho Jang3 and Jinkyu Lim1*   

Abstract 

Alterations in secondary gut metabolites derived from the microbial fermentation of food in the gut have significant 
effects on various aspects of host physiology. Our recent studies on obese mice treated with Orlistat, an antiobesity 
treatment, revealed a significantly altered gut microbial profile marked by an over-abundance of Proteobacteria and 
alterations in secondary gut metabolites. In this study, we determined effect of fecal metabolites from high-fat diet 
fed mice treated with Orlistat (HFDOrl) on colonic epithelial cells in relation to inflammation, barrier function, mito-
chondrial activity, reactive oxygen species (ROS) levels, and oxidative stress. Quantitative PCR was used to measure 
intestinal mRNA expression of oxidative stress, inflammation, apoptosis, and gut barrier function genes in mice on a 
high fat diet with and without Orlistat treatment versus those fed a low-fat diet (HFDOrl, HFD, Normal diet-fed [ND] 
respectively). Alterations to antioxidant function in HCT-116-ARE-luciferase stable cell line and mitochondrial function 
in Caco-2 cells was analyzed under oxidative stress with exposure to aqueous fecal extracts from HFDOrl, HFD, and 
ND groups. The results of this study indicate that a significant increase in anti-oxidative response was observed based 
on the luciferase activity of HCT-116-ARE-luciferase stable cells. Increased maximal respiration and mitochondrial ROS 
under oxidative stress was also detected in confluent Caco-2 cells resulting from exposure to fecal extracts from the 
HFDOrl group compared with the HFD group and pure Orlistat. Furthermore, mice from the HFDOrl group exhibited 
a significant increase in colonic epithelial expression of oxidative markers (Nrf-2 and SOD-2), inflammation-related 
markers (IL-6 and TNF-α), and gut barrier function markers (Muc-2 and Occludin). Taken together, the results suggest 
that Orlistat treatment in the HFD group causes changes in secondary gut metabolites which affect the colonic redox 
state and may eventually lead to the development of inflammatory, oxidative, and mitochondrial dysfunction at the 
cellular level.
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Introduction
Obesity is defined by the International Classification 
of Diseases 11 (ICD-11) [1] as a chronic complex dis-
ease characterized by excessive adiposity that impairs 
health. Tetrahydrolipstatin, more commonly known 
as Orlistat and sold under the name Xenical (Roche 

Pharmaceuticals, Nutley, NJ), was approved by the US 
Food and Drug Administration for use as a treatment for 
obesity [2]. Orlistat is a chemically synthesized hydrogen-
ated derivative of lipstatin, a natural product of Strepto-
myces toxytrycini. Orlistat inhibits digestion by gastric 
and pancreatic lipases by competitively binding to their 
active sites, thus reducing intraluminal hydrolysis of tri-
glycerides and absorption of dietary fat by approximately 
30% [3].

Mild to moderate gastrointestinal adverse events 
are associated with Orlistat, which include abdominal 
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discomfort, liquid stools, oily stools, oily rectal spotting, 
flatulence and flatus discharge, fecal urgency, fatty or 
oily stools, increased defecation, and fecal incontinence 
[4–7]. Recent reports suggests that Orlistat therapy 
induces significant modifications to gut microbe popula-
tion [8] with Actinobacteria and Proteobacteria groups 
shown to be the most affected. However, some studies 
suggest these changes were limited to Proteobacteria, a 
potential marker diagnostic marker of ecological imbal-
ance and disease risk [9], and other bacterial populations 
of low relative abundance [10, 11]. In our previous study, 
obese mice treated with a HFD underwent two different 
interventions [12]. Mice that were administered Orlistat 
at 200 mg/kg of diet, exhibited reduced body weight gain 
and increased fecal triglycerides. They had a significantly 
altered gut microbe profile marked by an over-abun-
dance of Proteobacteria. Recent studies have also shown 
a similar trend in mice together with reduced microbial 
diversity and richness [8]. Evidence of increased Proteo-
bacteria and decreased Alloprevotella associated with 
Orlistat therapy in humans has been reported [11].

Secondary gut metabolites derived from microbial fer-
mentation of food in the gut have broad effects on host 
physiology, which suggests that they have nutraceuti-
cal properties. Of these, short-chain fatty acids (SCFAs), 
which are derived from the microbial fermentation of 
dietary fibers, have been a major focus of gut metabo-
lome-based research [13]. The molecular mechanisms 
responsible for these effects involve mitochondrial func-
tion [14]. Changes in gut microbial composition dur-
ing Orlistat treatment was accompanied by a significant 
reduction in SCFAs in the gut [12]. A human study on 
the impact of long-term Orlistat treatment revealed a 
reduction in the abundance of Alloprevotella, an acetic 
acid-producing bacteria belonging to the Bacteroidetes 
phylum [11]. These changes suggest an alteration in sec-
ondary gut metabolites.

Based on these findings, we hypothesized that the 
gut metabolome of Orlistat-treated, HFD-fed subjects 
induces mitochondrial dysfunction and results in an 
altered redox state, inflammation, and barrier integ-
rity of colonic epithelial cells. In the present study, we 
evaluated the effects on the fecal metabolome of mice 
fed with a HFD containing Orlistat (HFDOrl) on mito-
chondrial energy production and reactive oxygen species 
(ROS) generation in a colon epithelial cell model. RNA 
sequencing of oxidative stress, inflammation, apopto-
sis, and gut barrier function markers in the intestine of 
the HFDOrl group were analyzed and compared with 
that of untreated mice. To analyze the effects of fecal 
extracts collected from the HFDOrl group on mitochon-
drial energy production in healthy Caco-2 cells and those 
under metabolic stress, a Seahorse cell mitochondrial 

stress kit was used (Seahorse Bioscience, North Billerica, 
MA, USA). HCT-116-ARE-luciferase stable cells were 
analyzed for ROS production using a luciferase assay 
after inducing oxidative stress by tert-butylhydroxy per-
oxide (t-BHP) exposure in the presence or absence of the 
fecal extracts from the aforementioned groups.

Methodology
Animal study
The in  vivo experiments were performed in compliance 
with the guidelines of the Ethics and Animal Welfare of 
Kyungpook National University and were approved by 
the Institutional Review Board (KNU-2019-0034-1). 
Five-week-old male C57BL/6 mice were obtained from 
Orient-Bio Inc. (Seongnam-si, Gyeonggi-do, Korea). The 
animal diets were procured from Research Diet (New 
Brunswick, NJ, USA). The mice were provided access to 
water and chow ad libitum during the 1st week of accli-
matization. They were maintained under controlled con-
ditions of 23  °C ± 1  °C and a light–dark cycle of 12  h. 
They were then divided into four groups of 10 animals 
per group and treated as follows: Low-fat diet (ND) 
(D12450J, 10% kcal from fat) and HFD (D12492, 60% kcal 
from fat) and HFD with Orlistat. Orlistat-treated mice 
received 200  mg of Orlistat per kg of diet for 8  weeks. 
The mice were then euthanized by cervical dislocation 
followed by excision of the whole intestine, which was 
immediately frozen at − 80  °C. Fecal samples were col-
lected weekly for each group.

RNA isolation from the intestine and quantitative real‑time 
PCR
Total RNA was isolated from the jejunum to the colon 
using the Takara MiniBEST universal RNA extraction 
kit (Takara, Kusatsu, Japan). To quantify the amount of 
mRNA, cDNA was synthesized from 1 μg of total RNA 
in a final volume of 20  μL using the Maxima H Minus 
First Strand cDNA Synthesis Kit (K1681; Thermo Fisher 
Scientific, MA). Next, quantitative real-time PCR (qRT-
PCR) was done using the TOPreal™ qPCR 2× pre-mix 
(SYBR-Green with low ROX, Daejon, South Korea) with 
the Light  Cycler® 96 software version 1.1 PCR Detection 
System (F. Hoffman-La Roche AG. Basel, Switzerland) 
following the manufacturer’s instructions. The results 
were analyzed using the  2−ΔΔCt method with GAPDH and 
β-actin as internal standards. All primer sequences are 
listed in Additional file 1: Table S1.

Extraction of aqueous secondary metabolites from fecal 
matter
The fecal matter from the three mouse groups was col-
lected during the final 2 weeks of treatment and pooled. 
From each pooled sample, 100  mg was placed in sterile 
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1.5 mL conical Eppendorf tube. Then, 1 mL of phosphate 
buffered saline (PBS) was added to the tube and the mix-
ture was kept on ice and vortexed every 5  min for 1  h. 
The final slurry was centrifuged at 10,000g for 10  min 
at 4  °C. The aqueous supernatants were separated and 
stored at − 80 °C.

Cell culture
The human gut epithelial cancer cell line, Caco-2, was 
used for cell mitochondrial stress analysis. Cells were 
maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and 1% peni-
cillin–streptomycin (Welgene, South Korea). A stable 
human gut epithelial cell line, HCT-116, was transfected 
with the pGL4.37[luc2P/ARE/Hygro] vector (Promega, 
Madison, WI, USA) [15]. The resulting HCT-116-ARE-
luciferase cell line was maintained in the aforemen-
tioned culture medium and included 0.4 mM hygromycin 
(Sigma-Aldrich, St. Louis, MO, USA). All cultures were 
maintained in a humidified  CO2-incubator (37 °C and 5% 
 CO2) for the designated period.

Cell mitochondrial stress analysis
Subconfluent Caco-2 cells were harvested and seeded at 
1.6 ×  104 cells per well in an 8-well plate for the Agilent 
Seahorse XFp Cell Mito-Stress assay (Agilent Technolo-
gies, DE, USA). Each well contained 100  μL of growth 
medium and the cells were incubated until 80% conflu-
ence was achieved. The cells were either incubated for 
3 or 12 h with fecal extract from the HFDOrl and HFD 
group with or without a subsequent 3 h t-BHP challenge 
by adding 9  µL of 100  µM t-BHP. Untreated cells were 
used as controls. Prior to the assay, the growth medium 
from each well was removed, the cells were washed twice 
with 180  µL of pre-warmed assay medium (XF base 
medium supplemented with 25 mM glucose, 2 mM glu-
tamine, and 1  mM sodium pyruvate; pH 7.4), and pre-
incubated with 160  µL of the assay medium at 37  °C 
without  CO2 for 1 h.

A pre-warmed sensor cartridge containing XF cali-
brant and the energy substrates, which included oligo-
mycin, FCCP, and rotenone/antimycin A, were loaded 
into injector ports A, B, and C, respectively, of the Agi-
lent Seahorse XFp analyzer (Seahorse Bioscience, Biller-
ica, MA, USA). The assay was primed with the cartridge 
calibration using pre-warmed XF calibrant and was 
continued for the samples using the cell mito-stress test 
assay protocol provided by the manufacturer (Seahorse 
Bioscience, Billerica, MA, USA). The oxygen consump-
tion rate was measured under basal conditions followed 
by the sequential addition of oligomycin, FCCP, and 

rotenone/antimycin A. This allowed for an estimation of 
the contribution of individual parameters for basal respi-
ration, proton leak, maximal respiration, spare respira-
tory capacity, non-mitochondrial respiration, and ATP 
production using Wave software sourced from Agilent 
Technologies (Agilent Technologies, DE, USA). This 
data was then exported to Microsoft Excel for further 
analysis.

Luciferase activity
A luciferase reporter assay was conducted on the stable 
HCT-116-ARE-luciferase cells. The cells were treated 
with fecal extracts for 12 h, then challenged with 300 µM 
t-BHP for 3 h prior to harvest and lysis. Treatment with 
t-BHP activates apoptosis because of changes in the ion 
channels of the mitochondrial membrane and activation 
of lipid peroxidation. The luciferase activity, which corre-
sponds to ARE activity, was measured using a luciferase 
assay system (Promega) according to the manufacturer’s 
instructions. Sulforaphane (Sigma-Aldrich, St. Louis, 
MO, USA), an isothiocyanate, was used as a control ARE 
activator. The luminescence of the assay was detected 
and the values were normalized based on total cell count. 
The values were then converted to fold-change using the 
blank as the baseline value.

Measurement of mitochondrial ROS generation using 
a superoxide indicator
Cells were seeded (5 ×  103 cells) on cover slips and 
placed into 24-well plates (SPL Life Sciences Co., Ltd.) 
and treated with fecal extracts alone for 12 h or in com-
bination with t-BHP for the final hour. Afterwards, the 
media was discarded. Immediately after treatment, mito-
chondrial ROS was measured using the MitoSOX TM 
Red superoxide indicator (Invitrogen, Carlsbad, CA, 
USA) followed by counterstaining with 4ʹ,6-diamidino-
2-phenylindole (DAPI, 1 µg/mL). The cells were washed 
twice with PBS and then mounted with a drop of mount-
ing medium (Vector Laboratories Inc., California, USA). 
Fluorescence was assessed using a fluorescence micro-
scope (Eclipse 80i, Nikon, Tokyo, Japan) at 400× mag-
nification and quantified densitrometrically (ImageJ 
Software, US National Institute of Health, Bethesda, 
Maryland, USA) from at least three random fields 
selected for each coverslip. Representative images for all 
conditions were selected for illustration.

Statistical analysis
In vitro and in vivo data are expressed as the mean ± stand-
ard error of the mean (SEM). A p-value < 0.05 was consid-
ered statistically significant.
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Results
Effects of Orlistat treatment on inflammation and barrier 
function
To determine possible alterations in inflammation and 
barrier function as a result of Orlistat treatment in the 
mouse intestinal epithelial layer, RNA was isolated 
from the intestines from the three groups and analyzed 
by quantitative real-time PCR (qRT-PCR). Primers for 
TNF-α and IL-6, as well as occludins and Mucin-2 were 
used as inflammation and barrier function markers, 
respectively. The expression of TNF-α and IL-6 mRNA 
was significantly increased in the HFDOrl group com-
pared with the ND and HFD control groups (Fig.  1A 
and B). Similarly, reduced levels of both occludins and 
Mucin-2 (Muc-2) in the HFDOrl group were observed 

compared with that in the HFD and ND groups (Fig. 1C 
and D).

ROS detection in Caco‑2 cells treated with fecal extracts 
of the Orlistat‑treated group
Ingested materials are a key source of ROS that can acti-
vate macrophages and neutrophils to produce inflamma-
tory cytokines that may contribute to intestinal barrier 
dysfunction in rats [16]. To determine whether increased 
levels of inflammation resulted from oxidative stress in 
the gut lumen, the aqueous fraction of fecal matter col-
lected over the final 2 weeks of treatment was extracted 
from all three groups and used to challenge Caco-2 cells 
for 12 h or in combination with t-BHP for the final hour. 
Caco-2 cells were pre-treated with 25  µL and 50  µL 

Fig. 1 Intestinal epithelial mRNA expression of A TNF-α, B IL-6, C occludins and D Mucin-2 analyzed by qRT-PCR for the three treatment groups; 
Normal diet-fed control group, High fat diet-fed (HFD) and HFD-fed with Orlistat (HFDOrl) treatment groups. E Effect of extracts from 100 mg of 
fecal matter from mice in the Orlistat treatment (HFDOrl) group and pure Orlistat on ROS production based on the MitoSOX superoxide indicator 
in Caco-2 cells counter-stained with DAPI (F) Mean optical density of randomly selected fields of the representative images. Untreated and 
DMSO-treated cells were used as controls. Real-time PCR results for data are presented as the mean concentration ± SEM. Different letters denote 
the significance of the differences compared with the control (p < 0.05)
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of fecal extract from the Orlistat-treated HFD group 
(HFDOrl FE) and 50 µM Orlistat dissolved in DMSO for 
12 h with DMSO-treated and untreated cells as controls. 
A subsequent t-BHP challenge for 1 h prior to the addi-
tion of the superoxide indicator was done separately to 
determine whether ROS generation was enhanced with 
mitochondrial respiration. Mitochondrial superoxide 
levels were increased following exposure to the HFDOrl 
fecal extract, but not by 50 µM Orlistat (Fig. 1E and F). 
The t-BHP challenge resulted in a significant increase in 
mitochondrial superoxide levels, which showed a mini-
mal increase as a result of pre-treatment with 50 µL fecal 
extracts from the HFDOrl group (Additional file 1: Figure 
S1A and B).

Fecal extracts of the Orlistat‑treated group enhance 
oxidative stress induced by t‑BHP
The water soluble fecal extract from the HFDOrl group 
enhanced the oxidative stress caused by t-BHP and 
resulted in a fold-change increase of luminescence 
from 5.9 to 8.1 (Fig.  2A). Interestingly, the lumines-
cence fold-change measured in the t-BHP challenged 
Caco-2 cells treated with Orlistat increased to 6.8, 
whereas DMSO alone did not cause any change. Orl-
istat is a highly hydrophobic substance, whereas the 
fecal matter from the HFDOrl group was extracted in 
water and, therefore, had hydrophilic components. 
Fecal extracts with a hydrophobic solvent, dichlo-
romethane (DCM), was tested for luciferase activity. 
The extract from DCM did not affect oxidative stress in 
the presence of t-BHP. Similarly, without t-BHP treat-
ment, the cells only exhibited slight changes in lucif-
erase activity (Fig. 2A).

Orlistat‑induced alterations to oxidative stress 
and apoptosis markers in the intestine
To determine possible alterations to the oxidative stress 
response as a result of Orlistat treatment in the mouse 
intestinal epithelial layer, RNA was isolated form the 
intestines of the three mouse groups. Primers for 
Nrf2 and SOD2 were used as oxidative stress markers, 
whereas caspase-3 was used as an apoptosis-related 
marker. The expression of SOD2 mRNA in the intestinal 
epithelial cells was significantly increased in the HFD-
fed group compared with the ND-fed group (Fig.  2B). 
The Orlistat-treated group displayed a large increase 
in SOD2 mRNA compared with the HFD- and ND-fed 
group. Nrf2 mRNA was also significantly higher in the 
HFDOrl-treated group compared with the HFD-fed 
group, but not significantly different from the ND-fed 
group (Fig. 2C). Caspase 3 exhibited the highest increase 
in the ND group, but was very low in both the HFD and 
HFDOrl groups (Fig. 2D).

Cell mitochondrial stress analysis of Caco‑2 cells treated 
with fecal extracts from the Orlistat‑treated group
Caco-2 cells were treated with fecal matter extracts 
from the HFDOrl group and t-BHP (HFDOrl 
FE + t-BHP) for 3  h prior to cell mitochondrial stress 
analysis, which showed a higher maximal respira-
tion and ATP production compared with cells treated 
only with t-BHP (Fig.  3A). Similarly, Caco-2 cells pre-
treated for 12 h with the fecal extract from the HFDOrl 
group (HFDOrl FE) prior to a 3  h t-BHP challenge 

Fig. 2 A Effect of extracts from 100 mg of fecal matter from mice 
in HFDOrl group and its Dichloromethane (DCM) extract versus 
fecal extracts from ND and HFD-fed mouse groups and pure 
Orlistat (dissolved in DMSO) on ROS production in HCT-116-ARE 
cells challenged with and without t-BHP. Untreated, DMSO, and 
t-BHP-treated cells were used as controls. Intestinal epithelial 
mRNA expression of B SOD2, C Nrf2, and D caspase 3 analyzed 
by qRT-PCR for the three treatment groups; Normal Diet-fed (ND) 
as the control group, High fat diet-fed (HFD), and HFD-fed with 
Orlistat (HFDOrl) treatment groups. Data are presented as the mean 
concentration ± SEM. Different letters denote the significance of 
differences compared with the control (p < 0.05)
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exhibited higher maximal respiration compared with 
fecal extracts from the HFD group (HFD FE) with-
out Orlistat treatment (Fig.  3B). t-BHP caused a sig-
nificant reduction in ATP production for all treatment 
conditions, which suggests a negative effect on mito-
chondrial energy production capacity. In contrast, the 
high-fat diet fecal extract (HFD FE) caused an increase 

in ATP production compared with untreated cells, sug-
gesting the presence of increased substrates for energy 
production (Fig.  3C). Despite the increase in mito-
chondrial respiration, the fecal extracts from Orlistat-
treated mice did not induce a significant increase in 
ATP production.

Fig. 3 A Cell mitochondrial stress profile of Caco-2 cells treated with extracts of fecal matter from HFDOrl group for 3 h with t-BHP challenge versus 
cells only challenged with t-BHP. B Effect of a 12-h treatment with HFD and HFDOrl fecal extracts with or without t-BHP challenge for an additional 
3 h; cells treated with t-BHP and untreated cells were used as controls. C ATP produced in the aforementioned 12-h treatment with fecal extracts 
followed by t-BHP challenge. t-BHP-challenged and untreated cells served as controls. Data are presented as the oxygen consumption rate ± SEM. 
Different letters denote the significance of differences compared with the control (p < 0.05)
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Discussion
The aim of the current study was to assess the effect of 
fecal metabolites of HFD-fed mice on Orlistat treatment 
of colonic epithelial cells with respect to inflammation, 
barrier function, mitochondrial activity, ROS levels, and 
oxidative stress. Our previous study showed that Orlistat-
induced alterations to the intestinal ecosystem and gut 
microbe populations as a result of increased fat content 
and possible alterations in gut secondary metabolites 
[12]. We hypothesized that these changes may result 
from increased proinflammatory signaling and increased 
oxidative stress resulting from mitochondrial dysfunc-
tion in the colonic epithelia. To evaluate this possibility, 
C57BL/6J mice were fed with a HFD with Orlistat treat-
ment for 8  weeks and the whole intestine was excised 
for qRT-PCR analysis of oxidative stress, inflammation, 
apoptosis, and barrier function-related genes. The fecal 
matter from the final 2 weeks of treatment was collected 
and pooled for both the treatment and control groups for 
cell-based studies on oxidative stress and mitochondrial 
function.

Obesity has a causal relationship with gut microbial 
dysbiosis and is characterized by a significant increase in 
Proteobacteria and a decrease in Firmicutes/Bacteroidetes 
[17]. A high content of dietary fat is a key factor in the 
development of gut microbial dysbiosis in obese indi-
viduals [18, 19]. Concentrations of bacterial metabolites 
in the gut lumen are significantly altered by diet [20], 
more so by Orlistat treatment as indicated by changes 
to SCFAs, such as butyrate [21], which is consistent with 
our previous findings [12].

A study on high-fat-fed mice showed changes in gut 
microbiota and as a consequence, increased ROS coupled 
with reduced antioxidant capacity in the colon, which 
suggests an altered redox state in the intestines of these 
mice [22]. Free radical formation in human feces was also 
correlated with increased fat content in the diet [23]. In 
the present study, mitochondrial superoxide levels were 
analyzed using the MitoSOX superoxide indicator after 
exposure to fecal extracts from the HFDOrl group. This 
resulted in a significant increase in mitochondria super-
oxide levels with the margin of increase growing con-
comitantly with the volume of fecal extract (Fig. 1A and 
B). In contrast, pure Orlistat did not induce a change in 
mitochondrial superoxide levels, which were equal to 
that of the DMSO control (Fig.  1B). Together with the 
insolubility of Orlistat in the water used for fecal extrac-
tion, the results indicate that increased ROS production 
in the colonic epithelia is not directly linked to the pres-
ence of Orlistat in the gut lumen. This was supported by 
the higher luciferase activity observed in HCT-116-ARE-
luciferase cells following exposure to fecal extracts from 
the HFDOrl group and challenged with t-BHP (Fig. 2A). 

Interestingly, there was no significant change in lumines-
cence resulting from fecal extracts of the HFDOrl group 
in the absence of by t-BHP. Conversely, fecal extracts 
from the ND and HFD control groups caused slight 
dampening of the luminescence signal, which may be 
explained by the level of SCFA in these groups, which 
was higher compared with that in the Orlistat group as 
shown in our previous study [12]. Pure Orlistat exerted 
a similar effect to that of fecal extracts from the HFDOrl 
group, but by a smaller margin, whereas the dichlo-
romethane extract showed no change (Fig. 2A). This indi-
cates that the secondary metabolites responsible for this 
effect may be more hydrophilic, but may be associated 
with or be a derivative of Orlistat. These results also indi-
cate that the ROS levels in the presence of fecal metabo-
lites from the HFDOrl group may not only be a result of 
increased ROS, but also the dysregulation of oxidative 
stress-related signaling pathways. It is noteworthy that 
ARE-luciferase activity is known to be increased by Nrf2 
activators, such as sulforaphane [24].

Nrf2 is closely related to amount of cellular ROS [25]. 
Nrf2 is a transcriptional activator that can serve as a 
sensor of oxidative stress [26]. Through the Nrf2/Keap1 
pathway, elevated ROS causes Nrf2 to translocate to the 
nucleus and bind to ARE sites located within the regu-
latory regions of genes encoding antioxidant enzymes, 
including glutathione reductase and glutathione peroxi-
dase [27]. In the present study, the expression of Nrf2, 
an oxidative stress marker, was lower in the colons of 
HFD-fed mice compared with ND-fed mice; however, the 
expression of Nrf2 was highest in HFD-fed mice treated 
with Orlistat (Fig.  2C). In addition, the expression of 
mitochondrial SOD mRNA was markedly increased in 
the intestine of the HFDOrl group compared with the 
HFD and ND groups (Fig. 2B). These results suggest that 
increased oxidative stress may cause increased expression 
of Nrf2 as well as mitochondrial antioxidant enzymes. 
Additionally, Caco-2 cells challenged with t-BHP under 
acute exposure (3  h) to fecal extracts from the HFDOrl 
group exhibited increased mitochondrial respiration 
(Fig. 3A). Constipation is a known adverse effect of Orl-
istat treatment in obese patients [6]. We hypothesize 
that as a result, the colonic epithelium is exposed to fecal 
metabolites for a longer period of time as a result of Orl-
istat treatment. Therefore, Caco-2 cells were exposed 
to fecal extracts from HFDOrl group for 12  h and this 
resulted in increased maximal respiration (Fig.  3B). 
Similarly, ATP production was significantly increased in 
Caco-2 cells exposed to fecal extracts from the HFDOrl 
group. This suggests that the increased levels of ROS 
may be associated with higher concentrations of energy 
substrates in the gut of the HFDOrl group available for 
ATP production and maximal respiration. A human 
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study revealed an increased pro-oxidant capacity of fecal 
waters in healthy normal-weight volunteers administered 
Orlistat as a result of increased fat malabsorption [10]. 
Moreover, fecal extracts from the HFD group (HFD FE) 
showed an increase in both ATP production and maxi-
mal respiration, but to a lesser degree compared with the 
Orlistat-treated group. Increased fat content in the gut as 
a result of treatment with Orlistat in individuals with a 
high intake of dietary fat may, therefore, alter the meta-
bolic activity of colonocytes, resulting in increased fat 
metabolism and ROS generation.

Changes in oxidative status and gut microbiota dysbio-
sis are associated with inflammation and changes in gut 
barrier function. Orlistat treatment is known to induce 
fat malabsorption [28] given that high-fat content in the 
gut independently increases ROS production [22], which 
causes intestinal barrier dysfunction [29]. Studies on the 
effects of Orlistat on human gut barrier function are con-
tradictory [30, 31]. The expression of occludin, a known 
intestinal barrier marker [32], was thereby analyzed. 
In the present study, Orlistat treatment in mice caused 
a significant decrease in occludin mRNA levels com-
pared with the HFD-fed mice, whose levels were lower 
than those of the ND-fed mice (Fig. 1E). This result sug-
gests that a reduction in gut barrier function as a result 
of a HFD is exacerbated by Orlistat treatment. Further-
more, the expression of Mucin-2 was also significantly 
decreased by Orlistat treatment compared with the con-
trols (Fig.  1F). A reduction in Mucin-2, the most-abun-
dant gel-forming component of mucus in the colonic 
epithelium, is also indicative of a reduction in mucosal 
barrier integrity and the ability of the host to restrict bac-
teria in the lumen of the intestine [33]. The development 
of chronic intestinal inflammation may be preceded by 
increased epithelial permeability [34]. Colonic epithelial 
levels of TNF-α and IL-6 were increased in the Orlistat-
treated group compared with the untreated HFD and ND 
groups indicating increased inflammation (Fig.  1C and 
D). However, it is noteworthy that the significant increase 
in inflammation and reduced gut barrier integrity was 
not accompanied by increased circulating serum lev-
els of LPS or inflammatory markers [12]. A similar phe-
nomena was observed in another study using Orlistat for 
antiobesity therapy [10].

In the present study, we determined the effect of Orl-
istat treatment on cellular respiration, inflammation, and 
oxidative status of colonic epithelia exposed to metabo-
lites found in subjects treated with a HFD. The inhibi-
tion of lipase activity by Orlistat significantly reduces the 
breakdown of lipids, thus altering the metabolic activity 
of the gut microbiota. These alterations drive changes in 
the gut microbiota composition and metabolome that 

interacts with intestinal epithelial cells. Our results pro-
vide insight into the effects of metabolome changes that 
Orlistat treatment may inflict on gut epithelial cells. The 
fecal extracts of mice in the HFDOrl group increased 
ATP production and cellular respiration in Caco-2 cells. 
These increments may explain the increase mitochondrial 
superoxide levels observed in Caco-2 cells exposed to 
fecal extracts from the HFDOrl group and the increased 
levels of oxidative stress markers in the HFDOrl mouse 
group compared with those not treated with Orlistat. The 
present study also highlights the potential attenuation 
of oxidative stress that may result from aggregation of 
these metabolic changes and increased lipid peroxidation 
as shown by co-treatment with t-BHP. Taken together, 
the results explain the increase in inflammation-related 
markers and reduced gut barrier integrity in mice treated 
with an HFD and Orlistat. Interestingly, these effects 
appear to be limited to the colonic epithelia and, there-
fore, further studies are needed to elucidate the possible 
short and long-term effects of these changes. Addition-
ally, the current study was limited by the small sample 
size and the inadequate information on fecal metabolome 
profile [8]. A metabolomics approach may further eluci-
date the impact and mechanisms of the response to Orl-
istat treatment in obese subjects. This information will be 
useful for the careful risk–benefit assessment when pre-
scribing antiobesity drugs.
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