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Abstract
Background

Currently, the weight loss effects of piperine have gained considerable attention; however, the underlying
mechanism needs to be comprehensively elucidated. In the present study, we aimed to investigate the
relationship between the weight loss effects of piperine and intestinal function.

Methods

Eight-week-old Sprague Dawley male rats were provided standard diet or HFD diet for 16 weeks. After, rats
from the HFD group were divided into four group, including HFD, HFD with daily gavage with 2.7mg/kg
body weight of piperine (PIP-L), 13.5mg/kg body weight of piperine (PIP-M), 27mg/kg body weight of
piperine (PIP-H) for another 8 weeks. The fecal fat content, serum TG, FAA levels, jejunum structure and
gene expression levels related to fatty acid absorption and barrier function in intestinal were detected.
Then the Caco-2 cell was cultured to explore the effects of piperine on cell proliferation, differentiation,
barrier function and fatty acid absorption.

Results

In our study, piperine repaired the tight junction damage induced by obesity by downregulating jejunal
tumor necrosis factor-α and reducing lipopolysaccharide-induced damage on intestinal cell proliferation,
thus enhancing intestinal barrier function, which is bene�cial in reducing chronic in�ammation
associated with obesity. In addition, piperine inhibited intestinal fatty acid absorption in both cellular and
animal models. The underlying mechanism may be related to the downregulation of fatty acid
absorption-related genes, fatty acid-binding protein 2 and cluster of differentiation 36, but not fatty acid
transport protein 4.

Conclusion

The anti-obesity effect of piperine is related to the enhancement of intestinal barrier function and
inhibition of intestinal fatty acid absorption.

Introduction
According to recent global estimates by the World Health Organization, the worldwide prevalence of
obesity has nearly tripled between 1975 and 2016. Once considered a high-income country problem,
overweight and obesity are now on the rise in low- and middle-income countries, particularly in urban
settings,and obesity has been a major risk factor for non-communicable diseases, including
cardiovascular diseases, diabetes, musculoskeletal disorders, and some cancers.

Furthermore, obesity is associated with disorders of intestinal function, including barrier and absorption
functions. The intestinal tract is the main area for digestion and absorption of nutrients, and the
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absorptive intestinal epithelium also functions as a tight barrier that limits the entry of pathogens and
related toxins[1]. Diet-induced obesity is associated with increased intestinal permeability, which may be
induced by altered gut microbiota[2]. The gut micro�ora and the consequently increased bacteria-derived
factor, lipopolysaccharide (LPS), increase intestinal permeability by reducing the expression of epithelial
tight junctions [3]through the toll-like receptor 4 (TLR4) signaling pathway[4]. Furthermore, in mice
models of obesity and diabetes, hyperglycemia reportedly promotes intestinal barrier permeability
through glucose transporter 2 (GLUT2)-dependent transcriptional reprogramming of intestinal epithelial
cells and alters the integrity of tight and adhesive junctions[5]. In obesity, systemic low-grade
in�ammation is also closely associated with damage to the intestinal barrier function[5].

Obesity is the result of excessive fat accumulation, and the intestinal tract is the key location for fat
absorption; thus, reducing the intestinal absorption of fatty acids is an important strategy to improve
obesity. Previous research has reported that the small intestines adapt to the increased availability of
dietary lipids, with the capacity for lipid digestion and absorption increasing accordingly[6]. Furthermore,
studies have found that high-fat diet-induced jejunal microbiota directly increased gut lipid absorption in
germ-free mice, independent of the diet consumed by experimental mice [7]. These results indicate that
patients with obesity induced by a high-fat diet may possess a robust fatty acid absorption capacity than
lean individuals, which can exacerbate obesity and related diseases. With a deepening understanding of
obesity, novel therapeutic strategies are warranted. In addition to improving the composition of the gut
micro�ora, regulating the fatty acid absorption capacity of intestinal epithelial cells is an important
approach to lose weight. The mechanism and related signaling pathways of intestinal fatty acid
absorption have been widely studied, and help provide a new target for the treatment of obesity by
inhibiting intestinal fatty acid absorption. Stremmel et al. [8] have designed a new phospholipase
inhibitor that could suppress the activation of p-JNK1, a gene that regulates intestinal fatty acid. This
inhibitor could be employed to treat obesity. Recently, increasing attention has been focused on the
application of natural components from food and/or herbal medicines that are safer than chemical
compounds in obesity management.

Piperine (PIP) is the �rst and most common amide alkaloid found to occur in pepper. The molecular
formula is C17H19NO3 (Fig. 1). PIP has been found to possess antioxidant, immunomodulatory,
antitumor, and drug metabolism effects9. Several studies have shown that PIP has a certain therapeutic
effect on obesity9. Reportedly, supplemented PIP could improve changes in body weight, body
composition, fat percentage, fat index, leptin, and adiponectin in obese rats induced by employing a high-
fat diet[11]. Current studies have observed that PIP can reduce energy intake by affecting the expression
of appetite-suppressing genes such as transient receptor potential ion channels-vanillic acid receptor
subtype 1 (TRPV1) and 5-hydroxytryptamine (5-HT)[11]. Furthermore, PIP can regulate genes related to
lipid metabolism, including the downregulation of peroxisome proliferator-activated receptor (PPAR)- γ,
acetyl CoA carboxylase (ACC), fatty acid synthase (FASN), and Niemann-Pick C1-like 1 protein (NPC1L1)
[13, 14]. In addition to improving obesity by regulating lipid metabolism, piperine may also play a role by
affecting intestinal function. ZhaoYimin et al [15]found that piperine can reduce intestinal cholesterol
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absorption by inhibiting the expression of intestinal NPC1L1, acyl-CoA cholesterol acyltransferase 2
(ACAT2) and microsomal triacylglycerol transport protein (MTP). Besides, the anti-in�ammatory effect of
piperine may have a protective effect on the damage of intestinal barrier. However, the mechanism of PIP
underlying improvements in obesity needs to be further investigated.

The objective of the present study was to investigate the effects of PIP on intestinal barrier function and
fatty acid absorption in obese rats and human colon adenocarcinoma cell lines (Caco-2). We presented
evidence con�rming that PIP improves obesity by repairing intestinal barrier damage and suppressing
intestinal fatty acid absorption.

Methods And Material

2.1 Animal and treatment
Eight-week-old male Sprague Dawley rats (Beijing vital river Laboratory Animal Technology Co., Ltd.) were
housed with two rats per cage, in a controlled environment (12:12-h light: dark cycle; temperature: 22°C ± 
2°C; humidity: 60%; 15–20 fresh air changes per hour) with free access to food and water. After one week
acclimatization period, 15 mice were randomly selected and fed with a standard diet assigned as the
Chow group, whereas the remainder rats were placed on a high-fat and high-sugar diet for 16 weeks to
induce obesity. The standard diet provided 3.42 kcal/g of energy (19.2% from protein, 4.6% from fat,
55.9% from carbohydrate), whereas the high-fat and high-sugar diet provided 4.62 kcal/g of energy
(13.4% from protein, 18.2% from fat, 54.1% from carbohydrate). After a 16-week feeding period on the
high-fat and high-sugar diet, 40 rats with the highest weight were randomly reassigned to four groups (n 
= 10, respectively) and either fed a high-fat and high-sugar diet (HFHS group) or the high-fat and high-
sugar diet with oral administration of low-dose PIP (2.7 mg/kg body weight, PIP-L), middle-dose PIP (13.5
mg/kg body weight, PIP-M), high-dose PIP (27 mg/kg body weight, PIP-H), respectively, from day 1 for
another 8 weeks. PIP (purity ≥ 99%, Sigma, America) was suspended in 0.5% sodium carboxymethyl
cellulose (CMC-Na), whereas the same amount of 0.5% CMC-Na was orally administered to the HFHS and
Chow groups (Table 1). It has been reported that the average consumption of black pepper is
approximately 0.7 g/person/day in the USA, indicating that the daily consumption of PIP is nearly 14–54
mg/person[16]. In this experiment, we converted the daily per capita consumption of black pepper into the
equivalent rat dose[17] as the low-dose of PIP (2.7 mg/mg/kg). Simultaneously, 5-fold the estimated rat
dose (13.5 mg/kg) was deemed the medium-dose, with 10-fold (27 mg/kg) as high-dose, to observe the
effects of different PIP doses on obese rats. All the rats were treated in accordance with the guidelines of
the Institutional Animal Care and Use Committee, and all experiments were approved by the Animal
Experimentation Committee of the China Agricultural University (Beijing, China).

2.2 Sample collection
At the end of the experiment, a fresh fecal sample was collected, freeze-dried into a powder, and stored in
a refrigerator at -80°C. Rats were sacri�ced under anesthesia with iso�urane without fasting, and the
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jejunum was collected for sectioning and real-time polymerase chain reaction (RT-PCR), serum was
separated by centrifugation (4°C, 3000g, 15 min) and stored at − 80°C.

2.3 Determination of fecal fat content
After accurately weighing 0.1 g of a fecal sample, 0.4 mL distilled water, 1 mL distilled water, and 0.6 mL
concentrated hydrochloric acid was added, mixing well at each step. After heating at 80°C for 50 min in a
water bath, 3 mL ether was added to the sample, and then plugged and inverted for 2–3 min repeatedly
(approximately 60–80 times) after cooling to ensure thorough mixing. After standing for 15 min, the
supernatant was absorbed in a constant-weight evaporation dish and dried in an oven at 105°C to a
constant weight. The weight was accurately weighed on an analytical balance. The following formula
was used to determine the fat content in the feces. Fecal fat content = (evaporating dish + fat constant
weight − evaporating dish constant weight)/fecal weight×100%.

2.4 RT-PCR analysis
RT-PCR analysis was performed as previously described. Total RNA was extracted from tissue using a
HiPure Total RNA Mini Kit (Magen, Guangzhou, China) according to the manufacturer’s instructions. The
concentration of RNA was detected by measuring the A260/A280 and A260/A230 ratios with
Nanodrop2000 (Thermo Scienti�c, Thermo Fisher Scienti�c, Waltham, USA). Total RNA (1 µg, 10 µL) was
reverse transcribed using a HiFi Script gDNA Removal cDNA Synthesis Kit (CWBIO, Beijing, China). The
RT-PCR reaction was performed using Rotor-Gene Q (Qiagen, Hilden, Germany) with an Ultra SYBR
Mixture Kit (CWBIO, Beijing, China). RT-PCR ampli�cation conditions included denaturation at 95°C for 10
s, annealing at 58°C for 30 s, and extension for 32 s at 72°C. Expression of Cluster differentiation 36 (CD-
36), fatty acid transport protein 4 (FATP4), fatty acid-binding protein 2, also called intestinal fatty acid-
binding protein (FABP2, I-FABP), tumor necrosis factor-alpha (TNF-α), and two tight junction proteins,
including zonula occludens (ZO) − 1 and occluding, were quanti�ed using GAPDH as the housekeeping
gene[18]. Sequences of primers used in this study are listed in Table 2.

Table 2
List of Primer Sequences

Gene Forward Reverse

CD-36 GGTCCTTACACATACAGAGT CCACAGCCAGATTGAGAA

FATP4 GGCACTCATCAACACCAA CAGGAACCAGAGCAGAAG

FABP2 AATGTGGTGAAGAGGAAGC TGTGTAGGTCTGGATTAGTTC

ZO-1 ACAGCTATATGGGAACAGCAC ACTATGGAGGTTTCCCCACTC

Occludin TTGAGAGTCCACCTCCTTA CTGATGAGAGGGAGCCCATTTG

TNF-α CCACCACGCTCTTCTGTCTAC CTGATGAGAGGGAGCCCATTTG

GAPDH CTCTCTGCTCCTCCCTGTTCTA CCGACCTTCACCATCTTGTCTA
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2.5 Cell culture
The Caco-2 cell line was procured from ATCC and used between the 20th and 50th passages. Cells were
grown in Dulbecco’s modi�ed Eagle’s medium (DMEM; Corning, NY, USA) with a high glucose
concentration (4.5 g/L), and supplemented with 10% fetal bovine serum (FBS, VISTECH, New Zealand),
1% nonessential amino acids (Gibco, USA), and 1% penicillin-streptomycin mixture (Gibco, USA), at 37°C
under a 5% CO2-95 % air atmosphere in 25 cm2 plastic tissue culture �asks (Corning, NY, USA). For Caco-2
cells, the medium used was complete culture medium, which was replaced every 2–3 days. For
subculture, the con�uent cells were isolated by treatment with trypsin with 0.25% EDTA (Corning, NY,
USA), diluted in complete culture medium.

2.6 Cell proliferation measurements
Caco-2 cells were seeded in 96 plates at an initial cell density of 1.5×104 cells/well and cultured for 24 h
in complete culture medium. Cells were exposed to increasing doses of PIP (mother liquid soluble in
dimethyl sulfoxide) dissolved in complete culture medium for 24 h. Cells in complete culture medium
without PIP were used as the control group. The cell proliferation assay was performed using the CCK8
Assay kit (Beyotime Biotechnology, Jiangsu, China). Cell proliferation was calculated by relative
absorbance compared to the untreated group using the following formula: Cell viability (%) = Average
(absorbance with PIP treatment − blank)/Average (absorbance without PIP treatment − blank) × 100%.
The assay was performed in triplicate.

2.7 Suppression of cell proliferation by LPS
Caco-2 cells were seeded in 96 plates at an initial cell density of 1.5×104 cells/well and cultured for 24 h
in complete culture medium. Cells were exposed to PIP for 24 h Subsequently, 400 µg/ml LPS was added
for 24 h, and then the cells were evaluated with the CCK8 assay. The method of operation was similar to
that of PIP, and LPS was dissolved in complete medium.

2.8 Cell differentiation measurements
The alkaline phosphatase (ALP) activity was used as an index to determine the degree of cell
differentiation. Caco-2 cells were seeded on 96 wells at an initial cell density of 1.5×104 cells/well and
cultured in complete culture medium. When the Caco-2 cells reached 90% con�uence, complete medium
was replaced by PIP dissolved in complete medium. Cells in complete medium without PIP were used as
the control group. On day 14, ALP activity was measured using an alkaline phosphatase kit (Beyotime
Biotechnology, Jiangsu, China).

2.9 Establishment of monolayer barrier model of Caco-2
cells
Caco-2 cells were seeded on transwell polycarbonate insert �lters (0.4 µm pore size, 6.5mm diameter;
Corning Costar Corporation, Cambridge, MA) in 24-well plates at a density of 2.5 × 104 cells/well. Cells
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were allowed to grow for 21 days. For the �rst seven days, the medium was replaced every two days, and
then, daily. The transepithelial electrical resistance (TEER) of monolayer cells was measured using
Millicell ERS-2 (Millipore, MA, USA) according to the manufacturer’s instructions, and TEER exceeding 250
Ω/cm2 was used for the next experiment. According to the design of the control and the experimental
groups, 100 µL medium was added to the upper chamber and 600 µL complete medium was added to the
lower chamber. After several hours of culture, the resistance of each group was detected. TEER (% from
initial value) = TEER (after treatment)/ TEER (before treatment) × 100%. The in vitro intestinal
permeability was measured using 4000 Da FITC-dextran (FD4000, Sigma-Aldrich, Missouri, USA), with
100 µL FITC-dextran (4000 Da, 1mg/mL) was added into the upper chambers of the transwell and
allowed to incubate for 1 h at 37°C. The FITC concentration in the lower chamber was quanti�ed and
calculated against a standard curve (excitation 435 nm, emission 490 nm). PFITC−dextran 4kD= dQ/dt/AC
(dQ = quality of FITC-dextran in the lower chamber, dt = incubation time, A = transwell growth area, C = 
initial concentration in the upper chambers).

2.10 In vitro determination of fatty acid uptake [19]
Caco-2 cells were seeded in 96-well plates (black wells, clear bottom with low evaporation lid, Corning, NY,
USA) for 1 week for the differentiation process. Fatty acid uptake was analyzed using the Fatty Acid
Uptake Kit (Sigma-Aldrich, USA) as described previously [20]. The plates were maintained in the dark and
incubated for 60 min at 37°C in 5% CO2. Intracellular �uorescence was measured using a �uorescence
microplate reader (Thermo Fisher Scienti�c, Waltham, MA, USA), with excitation at 485 nm and emission
at 528 nm. Differences in fatty acid uptake were compared by relative �uorescence.

2.11 Statistical analysis
Data are presented as mean ± standard error of the mean (SEM). Statistical signi�cance was determined
by employing one-way ANOVA followed by Tukey’s multiple-comparison test, using SPSS version 23.0
(IBM Corp., Armonk, NY, USA). All statistical data with p < 0.05 were considered signi�cant.

Results

3.1 Effect of PIP on fat digestion and absorption in HFHS
rats
To determine whether PIP can inhibit intestinal digestion and absorption of fatty acids, we measured the
fecal fat content of rats in the HFHS and PIP groups. As shown in Fig. 2A, the fecal fat content of each
PIP group was signi�cantly higher (p < 0.05) than that of the HFHS group. Compared with the Chow
group, the serum levels of TG and FAA were signi�cantly increased in the HFHS group. Compared with the
HFHS group, the serum levels of TG and FAA were signi�cantly decreased in PIP-M and PIP-H groups (p < 
0.01). Treatment with low concentration of piperine signi�cantly reduced the level of FAA (p < 0.01), but
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had no effect on TG (Table 3). To further understand the underlying mechanism, the rat jejunum was
collected and the transcriptional expression of several genes related to fatty acid absorption was
measured. CD-36, FABP2, and FATP4 are wildly expressed in the small intestine and play an important
role in fatty acid absorption. The data showed that PIP-H signi�cantly decreased (p < 0.05) CD-36 gene
expression (Fig. 2B), which was 70% lower than that of the HFHS group, and the PIP-L and PIP-M did not
differ from HFHS. In the case of FABP2 expression in the rat jejunum, all three PIP doses revealed
signi�cantly lower expression (p < 0.05) than that observed in the HFHS group (Fig. 2C), decreasing by
68%, 57%, and 52%, respectively. Simultaneously, FATP4 expression was reduced, with no signi�cant
difference observed between the PIP and HFHS groups (Fig. 2D). Hematoxylin-eosin (H&E)-stained
sections from the jejunum revealed that the HFHS diet can signi�cantly decrease the ratio of villus height
to crypt depth (VCR) (p < 0.05), but no signi�cant difference was observed between the three PIP dose
groups and the HFHS group (Fig. 2E).

Table 3
Effects of piperine on serum TG, FAA levels.

  TG (mmol/L) FAA (mmol/L)

Chow 0.76 ± 0.1 0.37 ± 0.03

HFHS 1.92 ± 0.08 ** 0.65 ± 0.02 **

PIP-L 2.02 ± 0.12** 0.61 ± 0.02 b**##

PIP-M 1.79 ± 0.04**## 0.58 ± 0.04**##

PIP-H 1.55 ± 0.35**## 0.48 ± 0.05**##

Data expressed as mean ± SD (n = 9–10). * p < 0.05 and ** p < 0.01 versus Chow group; # p < 0.05 and
## p < 0.01 versus HFD group.

3.2 Effect of PIP on intestinal barrier function
Obesity is often associated with intestinal barrier damage[21]. We explored whether PIP improves
intestinal barrier function while improving obesity. We detected the expression levels of tight junction
markers ZO-1 and occludin, which play a primary role in maintaining intestinal barrier function (Fig. 2F,
Fig. 2G). The HFHS diet signi�cantly decreased (p < 0.05) the expression of occludin when compared with
that in the Chow group; PIP signi�cantly increased (p < 0.05) the expression of occludin when compared
with that in the HFHS group, and did not differ from that of the Chow group. However, no signi�cant
differences in ZO-1 expression were observed between the Chow, HFHS, and PIP groups. To further
explore whether the effects of PIP on tight junction protein is related to its anti-in�ammatory activity,
jejunal expression of TNF-α was determined. As shown in Fig. 1H, the expression of TNF-α in the jejunum
of rats treated with the HFHS diet was signi�cantly higher (p < 0.05) than that of rats in the Chow group,
and PIP signi�cantly downregulated (p < 0.05) the expression of TNF-α when compared with the HFHS
group.
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3.3 Effect of PIP on the proliferation of Caco-2 cells
To explore the effects of PIP on Caco-2 cell proliferation, the cells were treated with PIP for 24 h, and
subsequently, viability was examined using the CCK-8 assay. PIP treatment, ranging from 0.1 µM to 10
µM, did not affect cell proliferation, inhibiting cell proliferation at a concentration of 100 µM (p < 0.05)
(Fig. 3A).

Caco-2 cells were preincubated with PIP to explore the protective effect of PIP on LPS-induced damage.
The experimental results showed that cell activity in the model group was signi�cantly lower (p < 0.05)
than that of the control group, indicating that the LPS damage model was successfully established. On
adding 0.1 µM, 10 µM, and 100 µM PIP separately, the viability demonstrated no signi�cant effect when
compared with the model group; however, with 1 µM PIP, viability was signi�cantly higher (p < 0.05) than
that of the model (Fig. 3B). The results showed that a speci�c PIP concentration presented a protective
effect on LPS-induced cell activity damage.

3.4 Effect of PIP on the differentiation of Caco-2 cells
Alkaline phosphatase (ALP) is one of the polarization marker enzymes of Caco-2 cells, which is mainly
expressed in the brush border of Caco-2 cells and can be used to monitor the degree of cell
differentiation. At low concentrations, no difference was observed between the PIP and control groups.
However, the ALP activity of the 10 µM and 100 µM PIP groups was signi�cantly lower (p < 0.05) than
that of the control group (Fig. 3C). The results revealed that prolonged PIP treatment of cells might inhibit
cell differentiation, suggesting that the dosage and time of PIP treatment should be strictly controlled.

3.5 Effect of PIP on the barrier function of Caco-2 cell
monolayers
The barrier function of Caco-2 cell monolayers was detected by TEER and the permeability of FITC-
dextran through the monolayers. The Caco-2 cell monolayer was treated with 10 µM PIP for 24 h, and
TEER increased by 25% when compared with the control group (Fig. 3D). However, PIP treatment did not
affect the monolayer permeability (Fig. 3E).

3.6 Effect of PIP on monolayer fatty acid absorption of
Caco-2 cells
To quantify the effect of PIP on cellular free fatty acid (FFA) uptake, the level of TF2-C12 fatty acids was
measured. As indicated in Fig. 3F, 100 µM PIP signi�cantly reduced (p < 0.05) the fatty acid absorption by
Caco-2 cell monolayers, when compared with the control group.

Discussion
An in-depth study on the biological activity of natural active substances provides a novel strategy for the
treatment of several diseases. As an active substance derived from pepper and an extensively used spice,
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the anti-obesity effect of PIP has been widely reported [11, 14, 22]. However, the mechanism underlying
the weight loss effect of PIP remains unclear, and there is still a long road ahead of clinical application.
Based on previous research in our laboratory, PIP can signi�cantly reduce body weight, as well as
triglyceride (TG) and FFA levels in the blood of HFHS diet rats in a dose-dependent manner (unpublished
results). In this study, we explored the effect of PIP on the jejunum of HFHS diet rats and Caco-2 cells in
vitro from the perspective of intestinal function.

By employing a suitable rat model, our study revealed that PIP signi�cantly increased the content of
crude fat in feces under the same dietary conditions; thus, we speculate that PIP may inhibit the digestion
and absorption of fat in the intestinal tract. In vitro cell experiments demonstrated that PIP suppressed
fatty acid absorption by Caco-2 cells, con�rming previous evidence. The structure of the rat jejunum was
examined in our experiment, and no difference was observed in the ratio of villus height to crypt depth
between the HFHS and PIP groups; however, PIP reduced the expression of genes related to fatty acid
absorption in the jejunum, including CD36 and FABP2. Collectively, the results indicated that the inhibitory
effect of PIP on fatty acid absorption is speci�c. CD36 is a transmembrane protein that is highly
expressed on the apical membrane of villi enterocytes in the jejunum[23] and plays an important role in
fatty acid uptake and chylomicron formation in enterocytes[23, 24]. Related research has demonstrated
that intestinal very-long-chain fatty acid (VLCFA) absorption is completely abolished in CD36-null mice
fed a high-fat diet[25]; therefore, downregulation of CD36 induced by PIP-H may reduce the absorption of
dietary fat (Fig. 4). Interestingly, CD36 also plays an unsuspected role in maintaining the integrity of the
epithelial barrier, and the small intestines of CD36 KO mice fed a chow diet reportedly show compromised
barrier function[1]. CD36 expression in the HFHS group was slightly lower than that in the Chow group
(Fig. 2B), which may be related to the damage of the intestinal barrier induced by a high-fat diet. The
relationship between the regulation of fatty acid absorption and the barrier function of CD36 remains
elusive, and the regulation of CD36 mediated by PIP needs further study. The FABP family includes
plasma membrane-associated FABPs (FABP pm) and cytoplasmic FABPs (FABPc), and FABP2 is a type
of cytoplasmic FABP that is found exclusively in the small intestine[26]. Early studies have shown that
the intestinal FABP concentration in animals fed a high-fat diet is signi�cantly higher than that in animals
fed a low-fat diet[27]. However, in our study, no signi�cant difference was observed in the FABP2
expression between the HFHS and Chow groups, which may be related to differences between the high-
fat diet and HFHS diet. In the present study, the decrease in FABP2 expression induced by PIP treatment is
bene�cial for reducing the absorption and transport of fatty acids in the intestine. Furthermore, the
downregulation of FABP2 may also have a positive effect on intestinal permeability. A recent study has
revealed that intestinal FABP2 knockdown improves intestinal permeability by increasing the expression
of tight junction proteins[28]. FATP4 is the only FATP expressed in the small intestine [29], and a range of
fat and/or cholesterol-supplemented diets has revealed no effect on FATP4 mRNA or protein expression
in the intestine of wild-type mice[30]. Similar to our results, no difference in the FATP4 expression
between the two groups was observed, and PIP treatment did not affect the expression of FATP4.
Intestinal fatty acid absorption is regulated by multiple genes. According to the results of this experiment,
the decrease in intestinal fatty acid absorption induced by PIP was mainly related to the regulation of
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FABP2, and no compensatory increase in other gene expressions was detected. Other studies have
indicated that PIP may also play a role by affecting intestinal function. ZhaoYimin et al. have observed
that PIP can reduce intestinal cholesterol absorption by inhibiting the expression of intestinal NPC1L1,
acyl-CoA cholesterol acyltransferase 2 (ACAT2), and microsomal triacylglycerol transport protein (MTP)
[31]. Nevertheless, research has shown that piperine enhances the secretion of bile acids and also causes
inhibition of bile acid metabolism [31], which may promote the absorption of lipids.

Impaired intestinal barrier induced by obesity has attracted extensive attention, emphasizing the
mechanism through which the increase in intestinal permeability is associated with reduced expression
of epithelial tight junction proteins such as ZO-1, occludin, and claudin [33]. In contrast to existing
research results[3], no changes in the expression of ZO-1 were observed in the present study, which may
be attributed to differences in intestinal sites. Treatment with PIP signi�cantly recovered the decrease in
tight junction expression induced by HFHS, which may be related to its modulatory potential in immune
in�ammation[34]. The pro-in�ammatory cytokine TNF-α has been shown to directly impair tight junction
function in epithelial cell lines[35]. In addition, the tight junction protein occludin, which is strongly
regulated by TNF-α, is considered a general indicator of tight junction integrity[36]. In our study, PIP
downregulated the expression of TNF-α and reduced the damage induced by TNF-α to the tight junction
protein occludin. Another study has reported that TNF-α downregulated the expression of ZO-1 and
altered the junctional localization by activating nuclear factor-kappa B (NF-κB)[37]. Additionally, the TNF-
α induced increase in intestinal tight junction permeability was mediated by an increase in myosin light-
chain kinase (MLCK) protein expression[38]. Combined with these mechanisms of tight junction
regulation by TNF-α, the underlying PIP mechanism that restores the expression of tight junction proteins
by reducing the overexpression of TNF-α deserves further investigation. To further explore the protective
mechanism of PIP on the intestinal barrier, the effects of PIP on the proliferation, differentiation, and
monolayer integrity of Caco-2 cells were explored. PIP did not promote proliferation and differentiation of
Caco-2 cells, and a high concentration of PIP showed cytotoxicity, inhibiting cell proliferation and
differentiation. Although PIP treatment increased TEER of Caco-2 cell monolayers, no signi�cant
difference was observed in intestinal epithelial permeability in Caco-2 cells, which may be related to the
low molecular weight of FITC-dextran selected in this experiment. However, following PIP pretreatment,
cell proliferation was increased at certain concentrations when compared to those in the LPS treatment,
indicating that PIP had an obvious protective effect on Caco2 cell damage induced by LPS. Based on our
�ndings, we hypothesized that PIP has no effect on the intestinal barrier function of healthy individuals,
but when the intestinal barrier is damaged, it may protect intestinal barrier integrity by reducing the
decrease in cell activity induced by the injury. PIP has been reported to signi�cantly ameliorate TNBS-
induced colonic aberrations, inhibiting the overexpression of proin�ammatory cytokines (TNF-α and
interleukins), which may improve the expression of tight junction proteins (Claudin-1, occludin, and ZO-1)
[39]. In addition to the factors explored in this study, the antioxidant activity of piperine may also be an
important reason for piperine to repair intestinal barrier. Early studies have shown that the intake of high
doses of polyunsaturated fatty acids can promote lipid peroxidation and the subsequent propagation of
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oxygen radicals which is the main factor responsible for the loss of epithelial barrier function through
tyrosine phosphorylation and redistribution of tight junction proteins [40].

Conclusions
In conclusion, this study demonstrated that PIP improves obesity by repairing intestinal barrier injury and
suppressing intestinal fatty acid absorption. PIP improved the intestinal barrier function of obese rats by
reducing LPS-induced damage to intestinal cell proliferation, downregulating the overexpression of
proin�ammatory cytokine TNF-α, and improving the decreased expression of tight junction proteins
induced by obesity. Furthermore, PIP reduced the expression of fatty acid absorption-related proteins
such as FABP2 and CD36 by inhibiting the absorption of fatty acids in intestinal epithelial cells. PIP
achieves weight loss through the restriction of fatty acid intake and transportation.

Abbreviations
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LPS lipopolysaccharide

TLR4 Toll-like receptor 4

GLUT2 glucose transporter 2

PIP piperine

TRPV1 transient receptor potential ion channels-vanillic acid receptor subtype 1

5-HT 5-hydroxytryptamine

PPAR- γ Peroxisome proliferators activated receptors

ACC Acetyl CoA Carboxylase

FASN fatty acid synthase

NPC1L1 Niemann-Pick C1-like 1 protein

Caco-2 human colon adenocarcinoma cell lines

HFHS high-fat and high-sugar

CD-36 Cluster determinant 36

FATP4 fatty acid transport protein 4

FABP2/I-FABP fatty acid–binding protein 2 /intestinal fatty acid-binding protein  

TNF-α tumor necrosis factor alpha

ZO−1 zonula occludens-1 

ALP alkaline phosphatase

TEER transepithelial electrical resistance

VCR ratio of villus height to crypt depth

TJ Tight Junction

TG triglycerides

FFA free fatty acids

VLCFAs very long chain FAs

ACAT2 acyl-CoA cholesterol acyltransferase 2

MTP microsomal triacylglycerol transport protein

MLCK myosin light-chain kinase

FABP pm plasma membrane-associated FABPs

FABPc cytoplasmic FABPs
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PCTV prechylomicron transport vesicle

ER endoplasmic reticulum
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Tables
Due to technical limitations, table 1 is only available as a download in the Supplemental Files section.

Figures

Figure 1

Structural formula of piperine
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Figure 2

In�uence of piperine on the jejunum of obesity rats. (A) Fatty acid content in feces of rats treated with
HFHS and piperine under the same dietary conditions, n=6 rats. (B-D) qPCR performed to quantify fatty
acid absorption related to mRNA levels. Results are presented relative to those of the Chow group, n=9
rats. (E) Representative H&E-stained jejunal sections (magni�cation, 50×). Villus heights and crypt depths
of the jejunum (values represent the average length of 30 structures (villi or crypt) per mouse, n=3 rats).
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(F-H) qPCR quanti�ed occludin (F), ZO-1 (G), and TNF-α (H) mRNA abundance in the jejunum. Results are
presented relative to those of the Chow group, n= 9 rats. Data are expressed as mean ± standard error of
the mean (SEM). Values without a common letter are signi�cantly different at p < 0.05. HFHS, high-fat
high-sugar; H&E, hematoxylin-eosin; qPCR, quantitative polymerase chain reaction; ZO-1, Zonula
occludens-1; TNF-α, tumor necrosis factor-α.

Figure 3
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Effect of piperine on proliferation, differentiation, and monolayer barrier function of Caco-2 cells. (A)
Effect of piperine on the proliferation rate of Caco-2 cells, n=5. (B) Effect of piperine on the proliferation
rate of LPS injured Caco-2 cells, n=5. (C) Effects of piperine on the ALP activity of Caco-2 cells, n=5. (D)
Effect of piperine on TEER of a Caco-2 cell monolayer, n=3. (E) Effect of piperine on cellular permeability
to FITC-dextran(4000Da), n=3. (F) Effect of piperine on fatty acid uptake by Caco-2 cells, n=3. Data are
expressed as mean ± standard error of the mean (SEM). Values without a common letter are signi�cantly
different at p < 0.05. LPS, lipopolysaccharide; ALP, alkaline phosphatase; TEER, transepithelial electrical
resistance.

Figure 4

Effect of piperine on intestinal barrier function and absorption of fatty acids. Red arrows represent the
process that may be affected by piperine. The black arrow represents the process of fatty acid absorption
by intestinal epithelial cells. CD36 plays an important role in the absorption of VLCFAs[23]. CD36 alone or
together with FABP pm accepts FA at the cell surface and then transports FA across the apical membrane
of the enterocyte[24]. FA can also be transported into enterocytes by FATP4. Once at the inner side of the
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membrane, these FAs are bound by FABP2 before entering the metabolic pathways[24]. CD36 participates
in the transport of prechylomicron transport vesicles (PCTVs) from the endoplasmic reticulum (ER) to the
Golgi apparatus[23]. The chylomicron matures in the Golgi apparatus and is released across the
basolateral membrane of the enterocyte to be transported into the lymph[41]. Combined with the results
of this study, piperine downregulates the expression of CD36 and FABP2, and the process that piperine
may affect is marked in the �gure. Further studies are warranted to determine the detailed mechanism of
action. Moreover, piperine downregulates the overexpression of TNF-α and reduced TNF-α induced
damage to occludin [35,42]. VLCFAs, very-long-chain fatty acids; FABP2, fatty acid-binding protein 2; FABP
pm, plasma membrane-associated FABPs; FA, fatty acid; CD36, Cluster of differentiation 36; TNF-α, tumor
necrosis factor-α.
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