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Purpose: Most absorption enhancers boost the oral absorption of drugs via increasing intestinal permeability. However, they often 
damage intestinal mucosa and induce inflammatory reactions. The aim of this study is to synthesize a new absorption enhancer, punicic 
acid ethyl ester (PAEE), with excellent absorption-prompting effect and low toxicity.
Methods: The structure of PAEE was confirmed by NMR, MS, IR and UV. Setting oleic acid (OA) as the control, the three forms of 
punicic acid (PA), ie, free PA, PAEE, and pomegranate seed oil, in which PA exists in the form of triglyceride, were formulated into 
nanoemulsions (NE). The stability, physiochemical properties of the oils and NE were compared. The permeation-enhancing effect 
was estimated by phenol red intestinal transport experiments. The potential damage on small intestines was assessed by biochemical 
assay and pathological section.
Results: Though the three forms of PA had various strength in enhancing intestinal permeability, the difference was not significant 
(p > 0.05). Moreover, the effect was notably stronger than that of OA (p < 0.05) and was inversely related to the density and required 
HLB value of the oils. Compared to the corresponding oils, the NE exhibited much weaker effect in prompting intestinal permeability. 
Oral administration of OA and OA NE for 10 d impaired intestinal mucosa and villi along with strong inflammatory reactions in the 
small intestines. In contrast, the oils from PA series and their NE did not induce obvious intestinal inflammation. PAEE and its NE 
hindered the release of cytokines and increased the ratio of intestinal villus length to crypt depth.
Conclusion: PAEE is a promising absorption enhancer with a strong permeability-prompting effect and mucosa-protecting capacity 
against intestinal inflammation. It provides a practical strategy to enhance the bioavailability of the drugs with poor biological 
membrane penetration.
Keywords: punicic acid, punicic acid ethyl ester, pomegranate seed oil, nanoemulsions, permeability-enhancing effect

Introduction
Oral administration is the most popular administration route for drugs due to convenience and safety. However, many 
drugs have poor intestinal absorption and resultant low oral bioavailability. The utility of absorption enhancers is an 
efficient strategy to improve the oral absorption of the drugs.1,2 Absorption enhancers include natural, semi-synthetic and 
synthetic substances, such as organic solvents, chelating agents, surfactants, endogenous bile salts, drugs (acetylsalicylic 
acid), polymers (polysaccharides), bacterial toxins, and so on. The use of absorption enhancers has been questioned for 
a long time due to safety and toxicity concerns.3 The food additives with penetration-enhancing attribute, such as 
vegetable oils, medium and long chain fatty acids, bile salt (ie, sodium cholate), have gained special interest owing to the 
better safety.4 For this reason, the vegetable oils and fatty acids were often used to assist the poorly permeable drugs to 
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penetrate through biological membrane. For example, Lakshminarayana found that oleic acid (OA) and olive oil which 
was enriched in OA enhanced the intestinal accessibility of carotenoids more than linoleic acid and other vegetable oils.5 

Olive oil also enhanced the bioavailability and accumulation of lutein in lutein-deficient mice by modulating intestinal 
triacylglycerol lipase activity.6 When adlay bran oil was administered concurrently with the probe drug, it increased the 
concentration of the probe drug and facilitated intestinal absorption of the drug.7 When co-administered with edible oils 
or polyunsaturated fatty acid, the intestinal absorption of chlorogenic acid was increased.8

Our previous study revealed that pomegranate seed oil (PSO) prompted the transdermal diffusion of resveratrol.9 PSO 
is obtained from pomegranate seeds which are discarded during pomegranate juice manufacture. The major fatty acid of 
PSO is punicic acid (PA), accounting for over 70% total fatty acids in PSO.10 PA is a polyunsaturated fatty acid 
containing 18 carbons and three conjugated ethylene bonds,11 possessing a higher degree of unsaturation than OA (18 
carbons and one ethylene bond) and linoleic acid (18 carbons and two ethylene bonds). It was reported that the 
absorption-enhancing effect of a fatty acid increases with its unsaturation.12 Thus, we assume that PA and PSO may 
have strong capacity to improve intestinal permeation.

Employing vegetable oils or fatty acid as the oil phase to formulate nanoemulsions (NE) is another commonly used 
strategy to enhance the oral absorption of drugs. In addition, NE have some other unique features, such as the capacity to 
load both hydrophilic and lipophilic drugs, augment the stability of encapsulated components, high thermodynamic 
stability, and so on.13,14 Yin prepared baicalin NE by using hemp oil as the oil phase to improve the solubility and 
stability of baicalin. The oral bioavailability of baicalin NE was as high as 524.7% that of the baicalin suspension.15 Sun 
used ethyl linoleate as the oil phase and prepared acetylpuerarin (AP) NE. After oral administration of AP NE to rats, the 
bioavailability of AP NE was 2.6-fold that of AP suspension.16 In addition, NE can extend or enhance the effect of the 
encapsulated drug. The ketoprofen NE made from PSO showed the effect of reducing abdominal constrictions up to 12 h, 
whereas free ketoprofen maintained the effect only for 3 h.17 Trans-resveratrol was entrapped into PSO self- 
nanoemulsifying drug delivery system (PSO SNDDS) and orally administered to the mice at a dose of 10 mg/kg. The 
swelling rate of mouse toes decreased by 40% compared to the free resveratrol group, manifesting more potent anti- 
inflammatory activity of PSO SNDDS.18
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Fatty acids exist in vegetable oils in the form of triglycerides. Both fatty acids and vegetable oils can serve as an oil 
phase to prepare NE. All of them have absorption-enhancing capacity. One of the most important mechanisms for 
absorption enhancers to augment intestinal transport is to temporarily open the tight junctions of intestinal epithelial cells 
and increase the permeability of intestinal membrane.19–21 The permeability-prompting attributes of fatty acids, vegetable 
oils and NE are closely associated with their physicochemical properties, which influence the interaction between 
intestinal membrane and absorption enhancers. Whether free fatty acids, vegetable oils, and their NE have different 
strength in interplaying with intestinal mucosa and changing its permeability, remains unclear. The oil or NE that is 
capable of significantly increasing intestinal permeability with negligible damage to the small intestines can be 
considered as a safe and efficient absorption enhancer, which is greatly needed for the drugs with poor oral bioavail
ability. Unfortunately, most of the absorption enhancers, including some natural fatty acids, will impair intestinal mucosa 
and induce inflammatory reactions. Thus, exploring new absorption enhancers that not only possess strong absorption- 
prompting capacity but also have low toxicity is very important in medical treatment.

Since PSO is derived from the daily fruit pomegranate, PSO and its principal fatty acid PA may have low biological 
toxicity. Like other fatty acids, PA exists in PSO in the form of triglycerides. Due to the presence of the conjugated 
double bonds, free PA is very unstable. In this study, two strategies were adopted to enhance PA stability: i) PA was 
dispersed in PSO which was abundant in flavonoids and polyphenols at the ratio of 1:1. ii) The carboxyl of PA was 
esterified by synthesizing PA ethyl ester (PAEE). Setting OA as a control, the physicochemical properties of PSO, PA in 
PSO (PA-PSO), PAEE and OA were examined comprehensively. The permeation-enhancing effect on small intestine of 
the three forms of PA, ie, triglyceride (PSO), ethyl ester (PAEE), and free form (PA-PSO), was compared. PSO, PAEE 
and PA-PSO can be employed as oil phase to prepare NE. As NE possess much larger surface area to contact with 
intestinal membrane, the penetration-enhancing ability of NE may be stronger than using oil alone. For this considera
tion, the NE were prepared, and the permeability-enhancing effect of the oils and NE from PA series was compared in 
this study as well. Moreover, how the physicochemical features of the oils and NE influenced their capacity to improve 
intestinal permeability was analyzed by principal component analysis (PCA). The potential damage of OA, PSO, PA- 
PSO, PAEE and their NE on intestinal mucosa was also assessed. Oral route is one of the most convenient administration 
modes in clinic. Considering large quantity of drugs has difficulty in transporting across small intestines, the utility of 
absorption-enhancers with high efficiency and low toxicity holds promising prospects in pharmaceutical fields.

Materials and Methods
Materials
The reference PAEE and the internal reference ethyl caprate were prepared by our lab with the purity of 95.86% and 
98.75%, respectively, which were determined by GC using area normalization method. OA was purchased from Shanghai 
McLean Biochemical Technology Co., Ltd (Shanghai, China). Polyethylene glycol 400 (PEG 400) and 3.5-dinitrosa
licylic acid (DNS) were obtained from Chengdu Kelong Chemical Reagent Company (Sichuan, China). Cremophor EL 
(EL) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai, China). Hematoxylin and 
eosin (H&E) dye was from Beyotime Biotechnology Company (Shanghai, China). Other reagents were of analytical 
grade and acquired from Chengdu Kelong Chemical Reagent Company (Sichuan, China).

Animals
Male Kunming mice were purchased from Chengdu Dossy Experimental Animals Co., Ltd. (Sichuan, China). Animal 
experiments were conducted following the guidance of Animal Care and Use of Chinese Good Laboratory Practice and 
approved by the Animal Research Committee of Chengdu University. The approval number for intestinal permeability 
test was SP221117 and for intestinal damage evaluation SP230512. The mice were adaptively raised for 3 d prior to the 
experiments with the cycle of 12 h daytime and 12 h night.
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Preparation of PA and PA-PSO
The extraction of PSO and isolation of PA was carried out according to the method reported by Yang.22 Briefly, PSO was 
extracted from pomegranate seeds with petroleum ether and under ultrasonic treatment. Subsequently, PSO was dissolved 
in a solution consisting of 3% potassium hydroxide (v/v) and 95% ethanol (v/v). The hydrolysis reaction was conducted 
at 85 °C for 30 min, and the pH was adjusted to 2.0 using hydrochloric acid. The fatty acid mixture was obtained by the 
extraction with petroleum ether, followed by the removal of the organic solvent via a RE-5203 rotary evaporation 
instrument (Yarong Biochemical Instrument Factory, Shanghai, China). PA was isolated from the fatty acid mixture using 
freeze-crystallization technology, based on its higher melting point. The purified PA was dispersed in PSO at the ratio of 
1:1 (v/v) to obtain PA-PSO.

Synthesis of PAEE
PA of 25mg was mixed with 1 mL HCl-C2H5OH solution of 0.6 M and reacted under 70 °C water bath for 30 min. After 
the reaction was completed, ethanol and hydrochloric acid were removed under 55 °C by rotary evaporation. The product 
was loaded on a silica column and eluted with n-hexane, dichloromethane-hexane (2:3) and dichloromethane in turn. The 
fractions containing PAEE were combined, and the elution solvents were removed via rotary evaporation. The yield was 
89.23% ± 2.16%.

Identification of PAEE
UV
The UV–vis spectrum was scanned by a UV2300 spectrophotometer (Techcom Co., Ltd., Shanghai, China) from 200 to 
400 nm.

Fourier Transform Infrared Spectroscopy
The sample was mixed with KBr and compressed into a tablet. The Fourier transforms infrared (FT-IR) spectroscopy was 
scanned by a Two Infrared Spectrometer (PerkinElmer Co., Ltd., Massachusetts, USA) in the range of 4000 to 400 cm−1.

GC-MS
GC-MS analysis was carried out on a Clarus SQ8 GC-MS instrument (PerkinElmer Co., Ltd., Massachusetts, USA). 
Sample separation was conducted on an HP-5 capillary column (30 m × 0.32 mm). Carrier gas was high-purity nitrogen 
with the flow rate of 1.5 mL/min. The injection was adopted split mode with the split ratio 20:1. MS detection adopted EI 
ion source with the temperature of 250 °C. The transfer line temperature was 300 °C with electron energy 70 eV and 
solvent delay 4 min. The molecules were scanned from 40 to 400 Da. The identification of fatty acids was performed 
using the MS database of the instrument software.

NMR
PAEE was dissolved in deuterated chloroform, and its 13C-NMR and 1H-NMR spectra were detected by a JNM- 
ECZ600R/S1 NMR spectrometer (JEOL, Tokyo, Japan).

Physicochemical Properties of Different PA Esters
Density, Refractive Index and Dielectric Constant
The oil of 1.0 mL was transferred to a beaker that had been dried to a constant weight. The weight of the oil was assayed 
accurately to acquire its density. A WAY-2WAJ Abbe refractometer (Shanghai YiCe Apparatus & equipment Co., Ltd., 
Shanghai, China) was used to determine the refractive index (RI) of the samples.

The electric capacity of air, n-hexane, and sample was measured by a simple parallel plate capacitor, respectively. The 
dielectric constant (DC) of the sample was calculated based on the following Eq (1):

where D and Da represent the DC of the sample and n-hexane, respectively. C, Ca and C0 stand for the electric capacity of 
the sample, n-hexane and air, respectively.
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The Required Hydrophilic Lipophilic Balance Value (HLB)
Tween 20 and Span 80 were blended together at different proportions to obtain the mixed emulsifiers with various HLB 
values. PSO, PA-PSO, PAEE and OA were emulsified by the mixed emulsifiers using the phase change temperature 
method, respectively.23 After the turbidity of the emulsion was measured at 600 nm, the emulsion was centrifuged at 
3000 r/min for 10 min, followed by the second measurement of the turbidity. The turbidity difference before and after 
centrifugation was calculated to assess the stability of the emulsion. The one with the least turbidity difference was 
considered the most stable emulsion, and the HLB value of its emulsifier was the required HLB (rHLB) of the oil phase. 
The formula for the calculation of rHLB value is shown in the Supplementary section.

Stability
PA, PA-PSO and PAEE were placed under 4 °C and room temperature, respectively. The PA content of the samples was 
determined by the GC method proposed by Yang et al on day 0, 10, 20 and 30, respectively.22 The content on day 0 was 
set 100% and the data acquired on other days were compared with the content of day 0.

Preparation and Physicochemical Properties of NE
Preparation of NE
PSO, OA, PA-PSO and PAEE were employed as the oil phase to prepare NE, respectively, following the method reported 
by Lu et al.18 EL and PEG 400 were selected as emulsifier and co-emulsifier, respectively. The oil phase, EL and PEG 
400 were mixed together at the volume ratio of 1:4:4 and treated by ultrasound with a frequency of 400 hz for 10 min to 
guarantee the complete blending. Subsequently, 4 folds volume of distilled water was added dropwise under constant 
agitating at 600 r/min. The stirring was kept for another 30 min till the light blue color appeared, manifesting the 
formation of NE.18

Physicochemical Properties
The particle sizes, polydispersion index (PDI), and zeta potentials were measured by a ZEN 3600 Nanoparticle Sizer 
(Malvern Instruments Ltd., Worcs, UK). The rheological properties of the NE were determined by an MCR 302e 
rheometer (Anton Paar Company, Graz, Austria). All samples were run in two modes: i) rotational mode, where the 
viscosity was measured as a function of shear rate and shear stress (0.01–100 s−1), and ii) oscillatory mode, where storage 
modulus (G´) and loss modulus (G´´) were measured in the linear viscoelastic region as a function of strain (0.1%–10%) 
and frequency (0.05–2).

Stability in Gastrointestinal Fluids
Simulated gastric fluid (SGF) and intestinal fluid (SIF) were prepared according to the method proposed by Muszyńska 
et al.24 The four NEs were diluted 10-fold with gastric fluid and intestinal fluid, respectively, and the particle sizes were 
determined immediately. Then, the NE solutions were placed in a SHZ-B thermostatic water shaker (Shanghai Boxun 
Medical & Biological Instrument Co., Shanghai, China) with the temperature set at 37 °C and the shaking speed at 50 r/ 
min. The sizes of NE in gastric fluid were measured again after 2 h, and those in intestinal fluid were determined 
after 4 h.

The oils of PSO, PA-PSO, PAEE and OA at 2.5%, 5%, 10% were mixed with the intestinal fluid according to the 
proportion of 1:10 (v/v) to form the emulsions, respectively. The sizes were measured immediately. Afterward, the 
emulsions were incubated at 37 °C with the shaking speed of 50 r/min for 4 h. The sizes were assayed for the second time 
to examine the physical stability in intestinal fluid.

Permeability-Enhancing Effect of PA Esters and NE on Small Intestines
Processing Mouse Small Intestine
The male Kunming mice (14 weeks) were fasted but free access to water for 12 h prior to the experiment. Then, they 
were sacrificed by cervical dislocation. The small intestine was taken out from the lower part of the stomach.25 After the 
inner contents were rinsed out with saline, the small intestines were maintained in saline of 37 °C for 1 h before use.
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Intestinal Permeation of Phenol Red
The small intestines were filled with 1 mL PSO, PA-PSO, PAEE, and OA solutions of different concentrations as well as 
the corresponding NE containing 3.2% oil (v/v), respectively, and were incubated under 37 °C for 4 h. Subsequently, the 
samples were removed and replaced with 1 mL phenol red of 0.2 mg/mL. Then, the small intestines containing phenol 
red were immersed into 20 mL saline which was preheated to 37 °C and shaken at 50 r/min under 37 °C in a thermostatic 
shaker. At different time intervals, 0.5 mL solution outside the intestinal membrane was withdrawn, diluted with 1.5 mL 
distilled water, and the content of phenol red was determined using spectrophotometry at the wavelength of 558 nm.25 

Meanwhile, 0.5 mL saline of 37 °C was replenished into the release medium. Distilled water of 1 mL was set as the 
control and incubated with the small intestine for 4 h. The transmembrane process of phenol red was monitored as 
described above. The transport curves of samples were plotted using cumulative permeation rates versus time.

Potential Damage on Intestine
The mice, with the weight of 20 to 22 g, were randomly divided into 10 groups and each group included 5 mice. After 
adaptive feeding for 3 d, the mice were orally administered 10%PSO (v/v), 10%PA-PSO (v/v), 10%PAEE (v/v), 10%OA 
(v/v), and their NE at the dose of 1 mL/kg, respectively. The solutions containing oils were mixed intensively using 
a RTEX-5 vortex mixer (Haimen Kyin-Bell Lab Instruments Co., Ltd., Jiangsu, China) and were quickly withdrawn for 
the gavage. In addition, the experiment included a negative and positive control group that was orally administered saline 
and 3% Triton X-100 (v/v) at 1 mL/kg, respectively. The dosing was conducted twice daily and kept for 
10 d consecutively. The mice were then fasted but free access to water for 12 h, followed by being sacrificed via 
cervical dislocation. The small intestines were removed from the mouse body, and the inner contents were carefully 
rinsed out with saline.

Cytokines in Mucosa Membrane of Small Intestine
The mucosa membrane of small intestine was weighed, homogenized with saline of 4 °C (1:6, w/w) and centrifuged at 
10,000 r/min under 4 °C for 10 min.26 The supernatant was subject to the determination of the levels of interleukin 1beta 
(IL-1β), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) using commercial mouse ELISA kits (Shanghai 
Titan Scientific Co., Ltd., Shanghai, China).

Myeloperoxidase Activity
Intestinal myeloperoxidase (MPO) activity, a quantitative index of mucosal neutrophilic infiltrate, was measured 
conforming to what Menozzi et al proposed.27 In brief, duodenum of 50 mg was homogenized with 1 mL hexadecyl
trimethylammonium bromide (HTAB) buffer (0.5% in 50 mm phosphate buffer, pH 6.0) and centrifuged at 10,000 r/min 
under 4 °C for 15 min. The supernatant of 7 μL was added to a 200 μL mixture which contained 0.167 mg/mL 
O-dianisidine dihydrochloride and 0.0005% hydrogen peroxide in 50 mm phosphate buffer (pH 6.0). The absorbance at 
450 nm was determined by a ReadMax 1200 microplate absorbance reader (Shanghai Flash Spectrum Biological 
Technology Co., Ltd., Shanghai, China). The activity of MPO capable of degrading 1 μmol hydrogen peroxide 
per minute at 25 °C was assumed as one unit. Data were expressed as U/g tissue.

Sucrase Activity
The activity of sucrase was determined according to the method proposed by Zhang et al with some modification.28 

Briefly, duodenum of 25 mg was homogenized with 2 mL of 10 mm PBS (pH 6.1) of 4 °C, followed by centrifuging at 
10,000 r/min for 10 min. The supernatant of 25 μL was blended with 50 μL PBS (20 mm, pH 6.9) and heated in the water 
bath of 37 °C for 10 min. Afterward, 1% sucrose (w/v) of 50 μL was added and reacted under 37 °C for another 30 min. 
Then, 100 μL DNS solution (0.55 g DNS and 27.83 g potassium sodium tartrate tetrahydrate were dissolved in 25 mL of 
2 M sodium hydroxide) was added and reacted under 85–90 °C for 10 min. After the solution was cooled to room 
temperature, the absorbance at 540 nm was measured. The amount of glucose yielded by a sample was calculated via 
glucose standard curve.
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Histological Change of Small Intestines
Histological changes were visualized by H&E staining. Briefly, the duodenum of a mouse was degreased, longitudinally 
cut, and rolled into a “Swiss roll”. Slices with the thickness of 15 μm were obtained under −18 °C using a CM1860 
cryosectioner (Leica Biosystems, Wetzlar, Germany) and were spread on glass slides, respectively. Then, the slices were 
fixed with 4% paraformaldehyde, stained with H&E, and gradually dehydrated by ethanol solutions. Finally, the sections 
were infiltrated with xylene and fixed by neutral balata. Histomorphology was observed under a BA410E microscope 
(Motic China Group Co., Ltd., Fujian, China) and scanned by an EASY SCAN 6 slice scanner (Motic China Group Co., 
Ltd., Fujian, China).

Statistical Analysis
The data were obtained from three parallel experiments and were expressed as the mean ± SEM. The difference among 
the groups was statistically analyzed by ANOVA and Turkey test, respectively. When p <0.05, the difference was 
considered significant. Power analysis was carried out to examine if the sample sizes were statically adequate.

Two groups of data were processed PCA: i) the penetration rate of phenol red at the optimal oil concentration versus 
the physical attributes of corresponding oil, and ii) the permeation rate of phenol red across the small intestine pre- 
incubated with NE versus the physical properties of NE. Data were input to SPSS 19.0 software ((IBM, Armonk, NY) 
and standardized. Meanwhile, dimension reduction was conducted. Principle components (PC) were determined accord
ing to the contribution to the total variance. The correlations between penetration rate and physical properties were 
assessed based on the array table created by the software.

Results
Identification of PAEE
UV and IR
The UV and IR spectra of PAEE and PA are shown in Figure S1. In the UV spectra, either PAEE or PA had three distinct 
absorption peaks around 270 nm. The maximum absorption wavelength was at 278 nm with two shoulder peaks at 273 
and 284 nm.29,30 It indicates that after the esterification, the double bonds of PA were not broken and still present in 
PAEE.

In the IR spectra of PA, the peak at 3310 cm−1 was yielded from the hydroxyl stretching vibration of carboxylic 
acid.31 PAEE had a weak and characteristic peak at 3449.59 cm−1, which was assigned to the dimer carbonyl of ester.32 In 
addition, PA had a peak at 1713.15 cm−1, which was derived from carbonyl stretching vibration of carboxylic acid.31 In 
comparison, the carbonyl stretching vibration peak of PAEE appeared at 1732.89 cm−1 with stronger intensity.33 The 
peaks of 1181 and 1031 cm−1, representing the asymmetric and symmetric stretching vibration of ester, were also present 
in the spectrum of PAEE, but were absent in the spectrum of PA.33 According to the above analysis, it can be determined 
that PAEE was formed.

GC-MS
The total ion chromatogram (TIC) of purified sample as well as the MS of the PAEE (peak 6) is displayed in Figure 1A. 
The molecular ion peak of m/z 306 was exactly the molecular weight of PAEE. Besides, other characteristic peaks 
belonging to PA, for example, m/z 55, 67, 79, 108, 121, 135, 149, and so on,34 were also present in the MS, verifying the 
successful synthesis of PAEE.

NMR
The 1H NMR and 13C NMR spectra of PAEE and PA are shown in Figure 1B and C. The 1H NMR of the synthesized 
compound is very similar to that of PA. The signal peaks of trans-CH=CH- at 5.41 ppm and cis-CH=CH- at 6.03 and 
6.45 ppm were also present in the 1H NMR of PAEE, confirming that the configuration of PA was well retained in 
PAEE.35,36 In addition, the 1H NMR of PAEE included 4.11 ppm (2H), which was assigned to the hydrogen that was 
connected with oxygen atom of ester group.37 In the 13C NMR, apart from the peaks from PA, PAEE contained the peak 
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Figure 1 Identification of PAEE: (A) TIC of the sample and MS of peak 6. (B) 1H-NMR of PAEE and PA. (C) 13C-NMR of PAEE and PA. (D) Stability of the oils at 4°C. 
(E) Stability of the oils at room temperature (20–25°C). 
Notes: 1. ethyl decanoate (internal standard); 2. ethyl palmitate; 3. ethyl linoleate; 4. ethyl oleate; 5. ethyl stearate; 6. PAEE; 7–9: three isomers of PAEE. 
Abbreviations: TIC, total ion chromatogram; PA, punicic acid; PAEE, punicic acid ethyl ester.
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at 59.92 ppm derived from the carbon linking with the oxygen atom of ester group.37 The difference indicates that the 
ethyl ester was successfully synthesized in PAEE.

Physicochemical Properties of Different PA Esters
Physicochemical Properties
The physicochemical parameters of PSO, PA-PSO, PAEE, and OA are shown in Table 1. The density order was 
OA>PSO>PA-PSO>PAEE. PSO had the highest DC among the four oils, followed by PA-PSO. The DC of PAEE was 
the lowest. RI exhibited the similar trend as DC, but the variations were relatively small. PAEE presented the lowest 
rHLB. The rHLB of the other three oils diminished with the increase in the DC.

Stability
The stability of the oils under 4 °C and room temperature is shown in Figure 1D and E. Compared to PA and PA-PSO, 
PAEE presented the highest stability, able to maintain stability for over one month at 4 °C. When PA was dispersed in 
PSO, the stability was also improved. However, when maintained at room temperature for 30 d, the oils from PA series 
were degraded to various degrees. The stability order was PAEE>PA-PSO>PA.

Physicochemical Properties of NE From PA Esters
Sizes and Potentials
The appearance and size distribution of NE are displayed in Figure 2A. The particle size of OA NE was around 76 nm, 
while the diameters of the other three NE were around 20 nm. The PDI of all NE was less than 0.3, indicating the 
uniform size distribution. All NE exhibited zeta potentials ranging from −6 to −3 mV, indicating that they are 
approximately electrically neutral. After being placed at room temperature for 3 months, the sizes, PDI and zeta 
potentials of all NE slightly increased, manifesting the good physical stability.

Stability in Gastrointestinal Fluids
The stability of NE in gastrointestinal fluids is presented in Figure 2B. Being placed in gastric fluid for 2 h, only OA NE 
had 29.46%±3.18% diameter increment. The sizes of other NE kept invariable. In addition, the gastric fluid inverted the 
zeta potentials of the NE from negative to positive. However, the values were very small. The diameter of PSO NE 
increased 25.43%±2.38% after incubation in intestinal fluid for 4 h, while the other NE maintained stable. Meanwhile, 
intestinal fluid augmented the net negative potentials of the NE from −6 to around −20 mv, which increased the repulsive 
force among the particles, and prevented the aggregation of NE in small intestine.

When the oils were diluted with intestinal fluid, the emulsions were developed, and the size changes after the 
incubation at 37 °C for 4 h are shown in Figure 2C. It manifests that the diameters of droplets rose with the increment of 
oil concentration. The sizes of emulsions produced by 10% PSO and 10% OA were beneath 140 nm, whereas PA-PSO 
and PAEE of 10% (v/v) yielded the emulsions with the diameters over 150 nm after the incubation, implying that the 
emulsions from 10% PA-PSO or 10% PAEE may have smaller total surface area.

Table 1 Physicochemical Properties of the Oils (n = 3)

Parameters PSO PA-PSO PAEE OA

Density (g/mL) 0.8823±0.0209 0.8801±0.0217 0.8731±0.0182 0.8889±0.0124

RI 1.493±0.028 1.492±0.022 1.483±0.013 1.488±0.024

DC 3.182±0.034 2.507±0.051 2.179±0.023 2.361±0.021

rHLB 12.50±0.24 14.30±0.07 11.30±0.10 16.70±0.16

Abbreviations: PSO, pomegranate seed oil; OA, oleic acid; PA-PSO, punicic acid dispersed in pome
granate seed oil (1:1, v/v); PAEE, punicic acid ethyl ester; RI, refractive index; DC, dielectric constant; 
rHLB, required hydrophilic lipophilic balance.
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Rheological Properties
Figure 2D shows that the four NE had shear thinning behavior and viscosity decreasing with the elevation of shear rate. 
Moreover, when the shear rate was greater than 10s−1, the network structure of the system was completely destructed, 
and the apparent viscosity remained unchanged. Stress had no discernible impact on the viscosity of NE (Figure 2E), 
exhibiting the typical characteristic of pseudoplastic fluid.38 OA NE exhibited obviously higher viscosity than the NE of 
PSO series. Among the three NE derived from PA, the viscosity of PAEE NE was the highest.

The oscillatory shear measurements were carried out, and the results are shown in Figure 2F. It shows that the G′ 
values of the NE were very low (below 0.001 Pa), and the G″ values were significantly higher than G′ throughout the 
strain range, suggesting that no gelling occurred in the process.

Permeation-Enhancing Effect of PA Series and Their NE on Mouse Intestinal 
Membrane
Permeation of Phenol Red Across Mouse Small Intestine
The membrane permeation curves of phenol red are shown in Figure 3A to D. Around 27% of phenol red permeated 
through mouse small intestine. Both the oils and their NE improved the permeability of small intestine to varying 
degrees. The penetration-enhancing strength of PSO and OA showed a concentration-dependent manner. The transmem
brane amount of phenol red increased with the elevation of oil concentrations. Conversely, PAEE presented the opposite 
trend that the permeation amount declined with the increase of PAEE concentration. Meanwhile, the strongest permea
tion-enhancing strength of PA-PSO was obtained by 5% concentration (v/v), followed by 10% concentration (v/v).

The maximum cumulative transmembrane rates of phenol red at the optimal oil concentration and the permeation 
rates of NE are displayed in Figure 3E. It is noteworthy that compared to the absorption of phenol red with OA, the 
permeation of phenol red aided by PSO, PA-PSO and PAEE increased 20%, verifying the more potent permeation- 

Figure 2 The appearance, particle size, and the changes in diameter and zeta potential of the NE and emulsions: (A) NE were stored at room temperature (20–25°C) for 3 
months. (B) NE were incubated under 37 °C with gastric acid for 2 h, or with intestinal fluid for 4 h. (C) Emulsions developed by the oils were incubated with intestinal fluid 
under 37 °C for 4 h. (D) NE viscosity as function of shear rate. (E) NE viscosity versus shear stress. (F) NE modulus as function of strain (γ%). *, **, ***p<0.05, p<0.01, and 
p<0.001. 
Abbreviations: NE, nanoemulsions; PSO, pomegranate seed oil; PA-PSO, PA dispersed in PSO at 1:1 (v/v); OA, oleic acid. Other abbreviations are as Figure 1.
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enhancing strength of the oils belonging to PA series. The penetration with PSO, PA-PSO and PAEE varied with each 
other, but the difference was not obvious (p > 0.05). The cumulative permeation amount of phenol red with NE was only 
50% to 70% that of the oil at optimal concentration, manifesting that oil has stronger penetration-enhancing strength than 
the corresponding NE. Although the permeability-prompting effect of OA was significantly weaker than that of the oils 
from PA series, OA NE presented better permeability-enhancing power on small intestine, but the difference was not 
significant (p > 0.05). It implies that the oil phase contributed little to the effect of the NE.

PCA
The maximum permeation rates of phenol red at the optimal oil concentration and the physicochemical properties of the 
oils were subjected to PCA. The array in factor analysis shows that transmembrane rate (TR) of phenol red was 
negatively correlated with the density (r = −0.791) and rHLB (r = −0.902) of oil. It means that the oil with low density 
and small rHLB will have a stronger effect in enhancing the permeability of small intestine. Two PC were extracted to 
represent the parameters, accounting for 85.31% of total variance. The PC diagram is displayed in Figure 3F. TR, rHLB 
and density were loaded onto PC1, standing for the penetration-enhancing capacity of oil. RI and DC were loaded onto 
PC2, representing oil polarity.

The permeation-enhancing effect as well as the physical properties of NE were input as the parameters for PCA. The 
array shows that TR of NE was positively related to the viscosity (r = 0.737) and negatively correlated with the zeta 
potential (r = −0.833). Two PC were selected to represent the attributes of NE, occupying 98.65% of total variance. TR, 
viscosity and size, which were associated with NE fluidity, were loaded onto PC1. Zeta potential was loaded onto PC2, 
standing for the electrical property of NE.

Potential Damage on Small Intestine
Cytokines in Mucosa Membrane of Small Intestine
The cytokine levels in small intestines are shown in Figure 4A to C. The group of positive control Triton X-100 triggered 
large amounts of cytokines to be released in small intestine. Compared to saline group, the administration of PAEE and 
its NE reduced IL-1β level in small intestine by 57.93%±0.74% and 53.51%±0.95%, respectively, whereas OA and OA 

Figure 3 Transmembrane curves of phenol red with PSO and PSO NE (A), PA-PSO and PA-PSO NE (B), PAEE and PAEE NE (C), OA and OA NE (D), the comparison 
of the maximum cumulative transmembrane rates (E), and principal component analysis of transmembrane rates and physicochemical properties of the oils and their NE 
(F). *, **: p<0.05 and p<0.01, compared with the control group. #p<0.05. Power analysis confirmed that the sample sizes were statistically adequate. 
Abbreviations: RI, refraction index; DC, dielectric constant; TR, transmembrane rate. Other abbreviations are as Figure 1 and 2.
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NE increased IL-1β level by 58.31%±1.13% and 47.60%±1.18%, respectively. The application of PSO and PA-PSO 
decreased the level by 19.27%±1.05% and 7.08%±0.86%, respectively (Figure 4A). However, PSO NE and PA-PSO NE 
slightly elevated IL-1β concentration by 12.52%±2.13% and 6.25%±1.57%. The groups of oils from PA series and their 
NE presented notably lower IL-1β concentrations than OA and OA NE group (p < 0.05).

With respect to saline group, Triton X-100, OA and OA NE increased TNF-α level in the small intestine by 157.65% 
±6.13%, 107.08%±3.95% and 20.59%±1.12%, respectively, manifesting that Triton X-100 and OA triggered serious 
inflammatory reaction (Figure 4B). In contrast, PAEE and PAEE NE lowered the level by 11.84%±1.66% and 16.73% 
±1.43%. In the oil and NE groups from PA series, only PA-PSO and PSO NE elevated the level by 7.72%±0.66% to 
13.38%±0.91%. The TNF-α levels induced by the oils from PA series were much lower than that triggered by OA (p < 
0.001).

Compared to saline group, Triton X-100, OA and OA NE increased IL-6 level by 190.69%±7.44%, 109.88%±4.16% 
and 33.03%±2.82%, respectively. The oils and NE from PA series did not trigger the release of IL-6. PAEE NE decreased 
IL-6 concentration by 8.63%±0.77% (Figure 4C).

MPO Activity
Intestinal MPO activity of different groups is shown in Figure 4D. Compared to saline group, the MPO activity of the 
groups of Triton X-100, OA and OA NE increased 56.50%±3.51%, 20.10%±1.18% and 15.30%±1.03%, respectively, 
indicating the occurrence of inflammation and infiltration of neutrophils. Other groups slightly augmented the enzyme 
activity but had no significant difference with saline group (p > 0.05).

Sucrase Activity
Intestinal sucrase activity of different groups is displayed in Figure 4E. Compared to saline group, the glucose level of 
Triton X-100, OA and OA NE group was decreased 51.36%±3.56%, 9.31%±1.02% and 13.12%±1.18%, implying the 
serious impairment of small intestine induced by Triton X-100. With respect to saline group, the oils from PA series 

Figure 4 The levels of IL-1β (A), TNF-α (B), IL-6 (C), MPO activity (D), and sucrase activity (E) in small intestines of mice after oral administration for 10 d. *, **, ***p<0.05, 
p<0.01, and p<0.001, compared with the group of saline. #,##,###: p<0.05, p<0.01, and p<0.001. Power analysis confirmed that the sample sizes were statistically adequate.
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presented small variation in glucose level without statistical difference (p > 0.05). The corresponding NE reduced 
glucose level by 5.28% to 7.71%, which was substantially lower than that of OA NE (p < 0.05). It implies that both the 
oils and NE of PA series did not bring obvious unfavorable impact on the sucrase of small intestines.

Intestinal Histomorphology
The small intestinal histomorphology is shown in Figure 5A. Compared to the normal saline group, the villus structure of 
Triton X-100 group was almost destroyed with shortened length and scattered debris. OA group presented a partially 
impaired villus structure. Some villi deformed and the muscle layer became thinner. OA NE group maintained 
a relatively complete villus structure. However, the villus wall was damaged and looked rough. The mucosa morphology 
was in consistent with the degree of inflammation (Figure 4A to C). The oil groups from PA series exhibited regular 
villus structure with normal or increased length. The NE of PA series preserved intact villus morphology. However, slight 
lesion in the wall was observed in the groups of PSO NE and PA-PSO NE. Only PAEE NE group retained smooth outer 
wall of villi.

The villus length and crypt depth were measured from 6 different segments, respectively. The ratios of villus length to 
crypt depth were calculated and shown in Figure 5B. Compared to saline group, the ratios of Triton X-100, OA and OA 
NE group were reduced 51.78%±4.13%, 31.04%±2.82% and 24.31%±2.88%, respectively, implying the damage of 
intestinal mucosa. The oils from PA series slightly increased the ratio, presenting the protective effect on small intestines. 
Notably, the ratio of PAEE group rose 17.42%±1.16%. PSO NE and PA-PSO NE group decreased the ratio by around 

Figure 5 The small intestinal histomorphology by H&E staining (A), and the ratios of villus length to crypt depth (B) of different groups. *, **, ***p<0.05, p<0.01, and 
p<0.001, compared with the group of saline. #,##,###p<0.05, p<0.01, and p<0.001. Power analysis confirmed that the sample sizes were statistically adequate.
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6%, while PAEE NE elevated the ratio by 11.11%±1.23%, manifesting the distinctive low toxicity of PAEE NE via oral 
administration.

Discussion
The molecule with high dipole moment is categorized into polar molecule, and the DC it generates is usually high. RI, 
representing the passing velocity ratio of light through air to through a medium, is positively related to the clarity of 
medium. In addition, RI increases with the number of double bonds.39 A molecule including more double bonds has 
fewer hydrogen atoms and lower molecular weight, making the molecule easily aligned with the electric field, which in 
turn leads to an increase in the DC.40 This study also affirms that RI increases with DC. In comparison, the polarity 
differences among components can be reflected by DC more clearly.

The rHLB represents the most suitable emulsifier that can strongly interact with the oil, co-emulsifier and water, and 
form the smallest droplets. The emulsifier with higher HLB is usually used to emulsify the oil with higher RI.41 However, 
in this study, except PAEE, the rHLB decreased with the elevation of RI. The possible reason is that the four oils had 
relatively high polarity with the RI over 1.485. The polar fraction endowed the oil with amphiphilic character and 
relatively better compatibility with water. As a result, rHLB for emulsifying polar oil decreased.

PA is very unstable. However, when it was dispersed in PSO (PA-PSO) or esterified into PAEE, its stability was 
increased dramatically. The three conjugated double bonds present in PA structure are responsible for the instability of 
PA. In addition, free PA has a carboxyl, which increases the polarity of the molecule as well as the chance of interacting 
with water and radicals, leading to the degradation of PA under high humidity or upon the attack of free radicals. The 
esterification of PA reduced the attack from polar molecules such as water and radicals and improved the stability of the 
compound. PSO is abundant in natural antioxidants, such as polyphenols and flavonoids,42,43 which well protect PA from 
degrading.

Though the sizes of all NE were beneath 100 nm, the diameter of OA NE was obviously larger than the NE of PA 
series. The four NE were prepared using the same formula for the comparison purpose. EL was selected as the emulsifier 
with HLB 11.3, which was close to rHLB of PSO, PA-PSO, and PAEE, but much lower than that of OA. For this reason, 
OA NE produced the greater size. To confirm this viewpoint, Tween 20 with the HLB 16.7, which is exactly the rHLB of 
OA, and isopropanol, were employed as the emulsifier and co-emulsifier to formulate OA NE. The size was about 41.37 
± 1.17 nm (Figure S2).

Shear-thinning (pseudoplastic) fluids exhibit low-viscosity fluid behavior when tested under high shear conditions, 
with zero flow under gravitational stress. This type of fluid is often demanded in the cosmetic and pharmaceutical 
industries.44–46 All of the four NE presented shear-thinning behavior, implying the prosperous utility in industry. PAEE 
NE displayed higher viscosity with respect to PSO NE and PA-PSO NE. The possible explanation is that the polarity of 
PAEE was the lowest among the three oils, leading to the weaker interaction among PAEE, emulsifier and co-emulsifier. 
Consequently, PAEE NE had more chance to interplay with water and yielded higher viscosity. The interfacial storage 
modulus (G′) denotes the recoverable energy stored in the interface, which is related to the elasticity of NE. The loss 
modulus (G″) represents the loss energy during the shearing process.47 The G″ of the four NE was significantly higher 
than G′, manifesting that the four NE belong to fluids with good mobility.

Owing to the low pH of the gastric fluid, the anions on the surface of the four NEs were neutralised by the cations, 
resulting in the charge reversal along with small absolute values of zeta potential.48 However, except OA NE, other NE 
kept stable in gastric fluid, which may be attributed to their very small diameters. The presence of bile salts and free fatty 
acids from lipolysis in the intestinal fluid leads to an increase in the absolute zeta potential of the four NE.49 The elevated 
net potentials hindered the assemble of the NE and enhanced their stability in intestinal fluid.

Due to the tight junctions and high membrane resistance, phenol red is limited in its paracellular migration in the 
intestinal epithelial monolayer. Phenol red does not penetrate into the mucosa and can be used as a non-absorbable 
labeling compound.50–52 In this study, phenol red was used as an indicator to assess the small intestinal permeability. 
Various samples were incubated with mouse small intestine under 37 °C for 4 h, followed by being replaced with phenol 
red solution. The transport amount of phenol red across small intestines denoted the permeability of small intestine pre- 
treated with the samples. The results also show that pre-treating small intestines with PA-PSO and PAEE enhanced the 
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permeation of phenol red, suggesting that opening tight junctions is one mechanism for PA-PSO and PAEE to improve 
intestinal absorption.

The permeation of phenol red across intestinal membrane with PAEE and PA-PSO did not present a concentration- 
dependent mode. The highest permeation rate was obtained at 2.5% PAEE and 5% PA-PSO, respectively. The possible 
explanation is that as the oil concentration elevated, both the number and diameter of the emulsion droplets increased. 
Since the surface area of a droplet is inversely related to its size, the enlarged droplet had smaller surface area. For this 
reason, the total surface area of emulsions does not always ascend with oil concentration. When total surface area 
decreased, the contact area of emulsions with intestinal membrane diminished, leading to the reduced effect of emulsions 
on small intestines. We assume that compared to the other concentrations, 2.5% PAEE and 5% PA-PSO (v/v) may yield 
the emulsions with the largest total surface area, which account for the strongest permeability-prompting capacity. To 
verify our hypothesis, the intestinal fluid was used to dilute PSO, PA-PSO, PAEE, and OA, making the oil concentration 
amount to 2.5%, 5% and 10%, respectively. It confirms that the diameters of droplets indeed rose with the increment of 
oil concentration. Compared to 10% PSO and 10% OA, PA-PSO and PAEE of 10% (v/v) yielded larger emulsions after 
the incubation with intestinal fluid for 4 h, indicating that the total surface area of emulsions from 10% PA-PSO and 10% 
PAEE may decrease, which was responsible for their weakened strength on small intestines.

Contrary to our expectation, the permeation rate of phenol red with NE was only 50% to 70% that of the oil at optimal 
concentration. The possible reason is that NE is hydrophilic, while oil is hydrophobic. Since the small intestine is 
composed of lipid ingredients, the hydrophobic component may have more chance to interact with small intestine and 
change its permeability. It has been extensively reported that NE is capable of enhancing the solubility as well as 
bioavailability of the drugs with poor water solubility.53–55 Our study demonstrates that improving intestinal permeability 
is not a primary contributing factor to the absorption-enhancing effect of NE. Other mechanisms, for example, increasing 
the contact area with small intestinal mucosa via the large surface area, boosting aqueous solubility of drugs, may be 
mainly responsible for the strength of NE.

PCA indicates that the oil with small rHLB possesses strong permeability-enhancing effect. Low rHLB indicates that 
the oil may have more potent affinity with lipophilic components. As intestinal mucosa consists of lipid constituents, the 
oil with low rHLB may yield more interaction with mucosa and increase its permeability. The permeability-prompting 
effect of NE was positively related to the viscosity and negatively correlated with zeta potential. High viscosity assists 
the NE to adhere to the intestinal mucosa and exert the permeation-prompting effect. As the mucosa carries negative 
charge, the NE with higher negative potential will be difficult to approach the mucosa, which weakens NE strength on 
mucosa.

In this study, the potential impairment of intestinal mucosa induced by absorption enhancers was estimated by 
assaying cytokine level, the enzyme activity of sucrase and MPO, as well as intestinal histomorphology observation. 
Sucrase, located in intestinal brush border, represents small intestinal absorption capacity that maintains relatively 
constant throughout life.56 Sucrose was decomposed into glucose under the catalysis of sucrase. Glucose level stands 
for the activity of sucrase in small intestines. The oils from PA series did not bring obvious unfavorable impact on 
intestinal sucrase. The corresponding NE slightly decreased the sucrase activity, implying low toxicity on intestinal 
mucosa. The influence of vegetable oils and fatty acids on intestinal mucosa is different, depending on the variety of fatty 
acids. For example, alga oil could protect intestinal barrier from damage caused by antibiotic in mice.57,58 Patchouli oil 
alleviated 5-fluorouracil-induced intestinal mucositis in rats.59 Short chain, medium chain and polyunsaturated fatty acid 
showed therapeutic functions on intestinal inflammation of pigs.60,61 On the other hand, Ghezzal found that short 
exposure to palmitic acid or palm oil impaired intestinal barrier integrity and triggered inflammation.62 Kuratko reported 
that supplementing linoleic acid increased the activity of manganese superoxide dismutase, indicating the occurrence of 
intestinal chronic inflammation.63 Our study demonstrates that the oils from PA series and their NE did not induce 
obvious inflammatory reactions, while OA and its NE triggered severe inflammation in small intestines. The side effect 
of OA was more serious than that of OA NE. OA combined α- lactalbumin in plasma and formed a toxic complex. Both 
the complex and free OA could trigger similar apoptotic mechanisms in tissue and initiated inflammation through the NF- 
kappa B and MAPK p38 signaling pathways.64 Nevertheless, extra olive oil in which OA is the principal fatty acid and 
present in the form of triglycerides exhibited the therapeutic effect on the mice suffering from colitis by alleviating the 
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rectal bleeding and reducing the expression of inflammatory cytokines.65 It implies that the carboxyl of OA may be 
responsible for its toxicity on intestines. Our study demonstrates that compared to OA and OA NE, the oils from PA 
series and their NE exhibited much lower toxicity on small intestine. In particular, PAEE and its NE did not show 
obvious damage toward intestinal mucosa. It has great potential to be utilized as food additive to enhance the absorption 
of nutrients. PAEE can also serve as an additive to be involved in various oral formulations, such as tablets, capsules, 
granules, and improve the oral bioavailability of drugs with poor membrane permeation.

Conclusion
PAEE was successfully synthesized, and its structure was confirmed by UV, IR, GC-MS, and NMR. PAEE significantly 
enhanced the stability of PA. Rheological test showed that the NE of OA and PA series was pseudoplastic fluid with good 
mobility. The effect of the oils in enhancing the permeability of small intestines was remarkedly stronger than that of the 
corresponding NE (p < 0.05). Meanwhile, the oils from PA series exhibited much more potent strength in increasing 
intestinal permeability than OA (p < 0.05). There was no obvious effect difference among PSO, PA-PSO and PAEE. The 
permeation-enhancing capacity of oils was negatively correlated with the oil density and rHLB, while the effect of NE 
was positively related to the viscosity and inversely correlated with the zeta potential. Meanwhile, the permeability- 
prompting strength of NE was irrespective with its oil phase. OA and OA NE brought severe inflammatory reaction in 
small intestines by damaging intestinal mucosa and villi after oral administration for 10 d. On the contrary, the oils from 
PA series and their NE exhibited much mild side effects. Moreover, PAEE and its NE presented protective effect on 
intestinal mucosa and maintained the smoothness of villus wall. The study suggests that PAEE is a promising absorption 
enhancer with excellent permeability-prompting and intestinal protection capacity against inflammation. Considering 
a lot of drugs have oral absorption obstacles, PAEE may hold promising perspectives in improving the therapeutic effects 
of oral drugs. However, long-term toxicity study needs to be conducted in the future to confirm the safety of PAEE and 
provide the substantial evidence for its clinical application.
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