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Abstract
Some glycoside drugs can be transported through intestinal glucose transporters (IGTs). The surfactants used in oral drug 
preparations can affect the function of transporter proteins. This study aimed to investigate the effect of commonly used 
surfactants, Poloxamer 188 and Tween 80, on the drug transport capacity of IGTs. Previous studies have shown that gastrodin 
is the optimal drug substrate for IGTs. Gastrodin was used as a probe drug to evaluate the effect of these two surfactants on 
intestinal absorption in SD rats through pharmacokinetic and in situ single-pass intestinal perfusion. Then, the effects of 
the two surfactants on the expression of glucose transporters and tight-junction proteins were examined using RT-PCR and 
western blotting. Additionally, the effect of surfactants on intestinal permeability was evaluated through hematoxylin-eosin 
staining. The results found that all experimental for Poloxamer 188 (0.5%, 2.0% and 8.0%) and Tween 80 (0.1% and 2.0%) 
were not significantly different from those of the blank group. However, the AUC​(0-∞) of gastrodin increased by approximately 
32% when 0.5% Tween 80 was used. The changes in IGT expression correlated with the intestinal absorption of gastrodin. 
A significant increase in the expression of IGTs was observed at 0.5% Tween 80. In conclusion, Poloxamer 188 had mini-
mal effect on the drug transport capacity of IGTs within the recommended limits of use. However, the expression of IGTs 
increased in response to 0.5% Tween 80, which significantly enhanced the drug transport capacity of IGTs. However, 0.1% 
and 2.0% Tween 80 had no significant effect.
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Introduction

Glucose transporters are common transporters found in vari-
ous tissues throughout the body. Its primary function is to 
transport nutrients, such as glucose, in and out of organs. 

Some glucoside-containing glycoside drugs, such as gas-
trodin, quercetin, isoquercetin, and salidroside, may also 
be transported through glucose transporters [1]. There are 
two main types of glucose transporters: sodium-dependent 
glucose transporters (SGLTs) and sodium-independent glu-
cose transporters (GLUTs) [2, 3]. Among them, SGLT1 and 
GLUT2 are involved in the transmembrane absorption of 
glucose in the intestines [4, 5]. SGLT1 is located primarily 
on the brush border of intestinal epithelial cells, whereas 
GLUT2 is found mainly on the basolateral side of intestinal 
epithelial cells [6, 7]. Researchers have extensively studied 
the identification, activity, structure, function, and mecha-
nism of glucose transporters [8–11]. However, research on 
the factors that influence drug transport via glucose trans-
porters is limited, impeding the development and applica-
tion of drug delivery strategies based on glucose transport 
pathways. Our research group has investigated the effects 
of biological factors, such as species, on the drug transport 
of intestinal glucose transporters (IGTs). We demonstrated 
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that Sprague–Dawley rats are more suitable than Wistar rats 
for studying IGTs [12]. In addition to biological factors, the 
influence of excipients in drug formulations on the drug 
transport ability of IGTs is worth exploring. Excipients are 
often considered inert; however, this is not always the case. 
Excipients, such as surfactants, can also affect the function 
of transporter proteins [13].

Currently, studies have shown that surfactants can affect 
the activity of transport proteins, thereby affecting drug 
absorption [14–16]. Tween 80 has been found to affect 
organic cation-selective transporters, thereby influenc-
ing the absorption of metformin in the intestines [17]. In 
another study, Tween 80 was shown to affect transport in the 
MOCK II cell model by inhibiting efflux transport proteins, 
such as P-glycoprotein and MRP2 [18]. Recent studies have 
demonstrated that surfactants can also affect the expression 
of transporters. For example, Tween 80 can downregulate 
the expression of P-glycoprotein (P-gp) and play a posi-
tive role in P-gp-mediated transport [19]. In addition to the 
aforementioned P-glycoprotein (P-gp), there are three other 
efflux transporters: breast cancer resistance protein (BCRP), 
multidrug resistance-associated proteins (MRPs), and the 
bile salt export pump (BSEP) [20]. Currently, the focus of 
related research is mainly on efflux transporters, whereas 
studies on influx transporters are relatively scarce [21–23]. 
Efflux transporters play a critical role in drug excretion in the 
intestine, thus garnering increased attention in the study of 
drug absorption and detoxification mechanisms [24, 25]. In 
contrast to efflux transporters, influx transporters have com-
plex functions and regulatory mechanisms in the intestine 
[26, 27]. The complexity of studying influx transporters has 
resulted in relatively few related studies. IGTs are commonly 
found as influx transporters in the intestine. However, there 
is no information regarding the effect of surfactants on the 
drug transport capacity of IGTs. Studying the effect of sur-
factants on the drug transport capacity of IGTs can deepen 
our understanding of the mechanisms by which surfactants 
regulate influx transporters.

Surfactants can be classified as ionic or nonionic. Owing 
to their high safety profile, nonionic surfactants are widely 
used in oral drug formulations [28, 29]. Commonly used 
nonionic surfactants in oral drug formulations include 
Poloxamer 188, Tween 80, Cremophor RH 40, PEG 400, 
and Tween 20 [18, 30]. In this study, Poloxamer 188 and 
Tween 80 were selected for investigation of their effects on 
the drug transport capacity of IGTs. The use of Poloxamer 
188 in oral drug formulations can improve drug solubility 
and bioavailability while also providing gastrointestinal 
protection. This approach facilitates the easier absorption 
of orally administered drugs, enhances therapeutic efficacy, 
and improves patient convenience [31, 32]. Tween 80 can 
form micellar structures with drugs, thereby enhancing 
drug solubility in the gastrointestinal tract and promoting 

drug absorption. Additionally, Tween 80 can increase 
formulation stability and protect drugs from degradation 
and inactivation. It can form a protective layer, reducing 
the interaction between drugs and other components and 
thus improving formulation stability [33–35]. There is 
information from the FDA regarding the use of these two 
surfactants in oral drug formulations. In terms of dosage, 
the maximum safe dosage of Poloxamer 188 is not clear, 
with typical dosages ranging from 3 to 1800 mg. How-
ever, Tween 80 is slightly toxic, with an acceptable daily 
intake (ADI) of 25 mg/kg. By converting these dosages 
to equivalent doses for humans and rats, the maximum 
daily dosage of Poloxamer 188 in rats was estimated to 
be approximately 300 mg/kg, whereas the maximum safe 
dosage of Tween 80 is approximately 160 mg/kg. On the 
basis of these dosages, we designed low, medium, and high 
dosages. To facilitate oral gavage administration during 
the experiments, we further calculated the concentrations 
based on the dosage and stomach capacity of the rats. Thus, 
the concentrations selected for administration were Polox-
amer 188 (0.5%, 2.0%, and 8.0% w/v) and Tween 80 (0.1%, 
0.5%, and 2% w/v).

Prior to conducting relevant research, it is crucial to find 
a suitable drug probe to evaluate the drug transport capac-
ity of IGTs. Glucose is a substrate for glucose transport-
ers. However, endogenous glucose can interfere with the 
quantitative analysis of exogenous glucose, rendering the 
results unreliable [36, 37]. Therefore, glucose is not a suit-
able substrate for evaluating the drug-transport capacity of 
IGTs. Gastrodin is a phenolic glycoside and the main active 
ingredient of Gastrodia elata. Since its discovery in 1978, 
gastrodin has been extensively studied and is highly soluble 
in water (450 mg/mL) [38–40]. Generally, highly soluble 
drugs are difficult to absorb through passive diffusion by 
intestinal epithelial cells. For example, mannitol cannot 
pass through intestinal epithelial cells and is used as a tool 
to verify the integrity of the Caco-2 cell model [1]. How-
ever, compared to mannitol, gastrodin, which has a similar 
molecular weight and solubility, has an oral bioavailabil-
ity of approximately 80% in rats. Among the known drugs 
transported through IGTs, gastrodin has the highest water 
solubility and highest oral bioavailability. Its absorption in 
the intestine does not occur via passive diffusion [40]. Our 
previous work also confirmed that gastrodin, which has a 
structure similar to that of glucose (Fig. 1), can be trans-
ported and absorbed through IGTs [12, 41]. Therefore, gas-
trodin could be used as a probe drug for studying the drug 
transport capacity of IGTs.

This study investigated the effect of Poloxamer 188 and 
Tween 80, which are commonly used surfactants, on the drug 
transport capacity of IGTs in Sprague–Dawley rats using gas-
trodin as a probe drug. The effects of the two surfactants on 
the intestinal absorption of gastrodin were studied through 
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pharmacokinetic and in situ single-pass intestinal perfusion 
experiments. We investigated the regulatory effects of the two 
surfactants on the expression of intestinal glucose transport-
ers (IGTs) in all segments of the intestine using RT‒PCR and 
western blotting. To evaluate the effect of surfactants on intes-
tinal structure and intestinal tight junction proteins (IJTPs), we 
conducted hematoxylin–eosin staining, RT‒PCR, and west-
ern blotting. This procedure was used to exclude the influence 
of intestinal permeability, as the bioavailability of drugs is 
closely related to transporter activity and permeability. This 
study evaluated the effect of two commonly used surfactants, 
Poloxamer 188 and Tween 80, on the drug transport capacity 
of IGTs. This evaluation was based on the results of gastroin-
testinal absorption, IGT expression, and intestinal permeabil-
ity. These findings provide valuable references for the rational 
selection and use of excipients in drug formulation design for 
transport through IGTs.

Materials and Methods

Materials

Gastrodin, Polysorbate 80, and Poloxamer 188 were obtained 
from Shanghai Aladdin Biochemical Technology Co., Ltd. 
(China). Salidroside was purchased from Shanghai Yuanye 
Bio-Technology Co., Ltd. (China). HPLC-grade water and 
methanol were purchased from Shanghai Macklin Biochemi-
cal Technology Co., Ltd. (China). Calcium chloride (CaCl2), 
potassium chloride (KCl), magnesium sulfate (MgSO4), potas-
sium phosphate monobasic (KH2PO4), sodium phosphate 
dibasic (Na2HPO4), HEPES, sodium bicarbonate (NaHCO3), 
and sodium chloride (NaCl) were purchased from Shanghai 
Aladdin Biochemical Technology Co., Ltd. (China).

Animals

Healthy male Sprague–Dawley rats (approximately 250 g, 
8 weeks old) were purchased from the Southern Medical Uni-
versity Experimental Animal Center (China). Sprague–Daw-
ley rats need to undergo a one-week adaptation period before 
the experiment. During this period, the rats have free access 
to standard chow and water. However, they should be fasted 
for 12 h prior to the start of the experiment, while still being 
allowed to drink freely. All experimental protocols were 
approved by the Institutional Animal Care and Use Commit-
tee of Southern Medical University (SMUL2022104).

In Vivo Pharmacokinetic Study

Effect of Excipient Concentrations on Gastrodin 
Bioavailability

On the day of the experiment, each rat was weighed. Each 
group (n = 6) was given 8 mL/kg intra-gastrically of Tween 
80 (0.1%, 0.5%, 2% w/v) and Poloxamer 188 (0.5%, 2.0%, 
8.0% w/v) respectively. After 15 min, each group was intra-
gastrically administered 200 mg/kg of gastrodin, and retro-
orbital blood samples (350 μL) were collected after 2, 5, 10, 
20, 30, 40, 60, 90, 120, 180, and 240 min in rats.

Preparation of Blood Samples

Approximately 500 µL of blood samples were taken and 
centrifuged at 8000 rpm for 10 min in heparinized centrifuge 
tubes. The supernatant was then collected as plasma sam-
ples. A 100 µg/mL solution of salidroside internal standard 
was prepared using methanol. Plasma samples, methanol, 
and the internal standard were mixed in centrifuge tubes in 
a ratio of 2:7:1. The mixed samples were further vortexed 
for 5 min and centrifuged at 13000 rpm for 30 min. The 
supernatant was taken and subjected to vacuum drying. The 
dried residue was dissolved in 30% methanol at a concen-
tration 3.5 times that of the supernatant. The reconstituted 
solution was vortexed for 3 min to ensure thorough mixing. 
After centrifugation at 13,000 rpm for 30 min, 10 µL of the 
supernatant was taken. Finally, the supernatant was analyzed 
using an ultra-performance liquid chromatography (UPLC) 
system.

UPLC Analysis [12]

Chromatographic analysis was performed using the Agilent 
1290 series HPLC system (Agilent Technologies, USA). 
Separation was conducted using a column (InfinityLab 
Poroshell 120 EC-C18, 3.0 × 100 mm, 2.7 μm) under the 
following chromatographic conditions: column temperature 
25 °C; mobile phase A: 100% water; mobile phase B: 100% 

Fig. 1   Chemical structural formulas of glucose and gastrodin
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methanol; gradient: 3%–30% B at 0–2 min, 30%–70% B 
at 2–3 min, 70% B at 3–5 min, 70%–30% B at 5–5.5 min, 
30%–5% B at 5.5–6 min, and 5%–3% B at 6–7 min; sample 
injection volume: 10 µL; flow rate: 0.3 mL/min; and detec-
tion wavelength: 220 nm.

Pharmacokinetic Analysis

The pharmacokinetic parameters (Cmax, Tmax, and AUC​0-∞) 
of gastrodin were estimated using DAS 2.0 software.

In Situ Single‑Pass Intestinal Perfusion Experiments

Effect of Excipient Concentrations on Gastrodin 
Permeability Coefficient

In situ single-pass intestinal perfusion experiments were con-
ducted using a perfusion pump (Model PHD 2000; Harvard 
Apparatus, USA). The perfusate contained 5.963 g/L HEPES, 
1.164 g/L NaCl, 0.400 g/L KCl, 0.372 g/L NaHCO3, 0.171 g/L 
CaCl2, 0.098  g/L MgSO4, 0.060  g/L KH2PO4, 0.048  g/L 
Na2HPO4, and 50 μg/mL gastrodin. Tween 80 (0.1%, 0.5%, 2% 
w/v) and Poloxamer 188 (0.5%, 2.0%, 8.0% w/v) were added to 
the perfusate in each group. Rats (n = 6) in each group received 
a intraperitoneal injection of 2.8 mL/kg of 50% urethane. After 
anesthesia and fixation, the abdominal cavity was opened and 
the bile duct was severed. Short tubes were then inserted into the 
entry and exit points of the duodenum (D), jejunum (J), ileum 
(I), and colon (C). The intestines were flushed with isotonic 
saline to remove the contents. The inlet catheters of each intes-
tinal segment were connected to the constant speed injectors of 
four 50 mL multi-channel infusion pumps. The catheters were 
insulated with a constant-temperature water bath to ensure that 
the drug solution infused into the animal intestines was main-
tained at 37 ℃. The drug perfusion solution was administered 
at a constant rate of 10 mL/h through the intestinal lumen. After 
30 min, perfusate samples were collected every thirty minutes. 
The collected perfusate samples (350 μL) were mixed with 150 
μL of methanol and vortexed for five minutes. After centrifu-
gation at 13000 rpm for 30 min, 10 μL of the supernatant was 
taken for analysis using the UPLC system. The formula for cal-
culating the effective permeability (Peff) is as follows:

In the formulas, Cin (μg/mL) and Cout (μg/mL) represent the 
concentrations of gastrodin at the inlet and outlet, respectively. 
Q represents the flow rate, L (cm) represents the length of the 
segment, and D represents the diffusion factor.

Peff =
1 − Cin∕Cout

4Gz

Gz =
�DL

2Q

UPLC Analysis

Chromatographic analysis was performed using the Agilent 
1290 series HPLC system (Agilent Technologies, USA). Sepa-
ration was conducted using a column (InfinityLab Poroshell 
120 EC-C18, 3.0 × 100 mm, 2.7 μm) under the following chro-
matographic conditions: column temperature 25 °C; mobile 
phase A: 100% water; mobile phase B: 100% methanol; gradi-
ent: 3%–30% B at 0–2 min, 30%–70% B at 2–3 min, 70% B at 
3–5 min, 70%–30% B at 5–5.5 min, 30%–5% B at 5.5–6 min, 
and 5%–3% B at 6–7 min; sample injection volume: 10 µL; 
flow rate: 0.3 mL/min; and detection wavelength: 220 nm.

Effect of Excipient Concentrations on IGTs 
Expression and ITJPs Expression

Tissue Samples

In each group, a total of six Sprague–Dawley rats were 
intra-gastrically administered with Tween 80 (0.1%, 0.5%, 
2% w/v) or Poloxamer 188 (0.5%, 2.0%, 8.0% w/v) at a 
dosage of 8 mL/kg. After a 15-min interval, tissue sam-
ples from the duodenum, jejunum, ileum, and colon were 
collected. These samples were then treated and stored at 
-80 °C until further use.

Reverse Transcription‑Polymerase Chain Reaction (RT‑PCR)

Total RNA (n = 6) was isolated and purified using the 
Foregene Animal Total RNA Isolation Kit according to 
the manufacturer’s instructions. The concentration of the 
extracted RNA was determined using a Synergy H1 instru-
ment. Subsequently, the RNA was reverse-transcribed into 
cDNA using the HiScript Ш cDNA Synthesis Kit. RT-PCR 
reactions were performed on a Fast Real-time PCR System 
using the 2 × ChamQ Universal SYBR qPCR Master Mix. 
The specific oligonucleotide primers used in this study can 
be found in Table 1. The relative expression of each mRNA 
was calculated using the 2−ΔΔCt method [42].

Western Blotting

Tissue samples (n = 3) were homogenized using RIPA 
buffer obtained from Beyotime Biotechnology, China. 
The protein concentration was determined using a BCA 
assay kit from Meilunbio, China. Sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) was 
conducted to separate the targeted transporter proteins. 
The proteins within the gel were then transferred onto 
polyvinylidene fluoride (PVDF) membranes obtained 
from Millipore, USA. The membranes were probed with 
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primary antibodies, including β-actin (AF7018, Affin-
ity Biosciences, USA), SGLT1 (PS08943M, Abmart, 
China), GLUT2 (A12307, ABclonal, China), claudin-1 
(A21971, ABclonal, China), occludin (T55997S, Abmart, 
China), and ZO-1 (T56872S, Abmart, China). Subse-
quently, the membranes were incubated with a horserad-
ish peroxidase-conjugated secondary antibody (ab6721, 
Abcam, UK). The protein bands were visualized using an 
enhanced chemiluminescence method. To perform further 
statistical analysis, the relative expression of GLUT2 or 
SGLT1 was calculated by determining the ratio of SGLT1 
or GLUT2 to β-actin.

Hematoxylin–eosin Staining

Tissue Samples

In each group, three Sprague–Dawley rats were intra-
gastrically administered with Tween 80 (0.1%, 0.5%, 2% 
w/v) or Poloxamer 188 (0.5%, 2.0%, 8.0% w/v) at a dosage 
of 8 mL/kg. After a 15-min interval, tissue samples from 
the duodenum, jejunum, ileum, and colon were collected. 
These samples were then soaked in polyformaldehyde.

Effect of Excipient Concentrations on Intestinal Structure

The tissue samples soaked in polyformaldehyde were sent 
to Wuhan Baiqiandu Biotechnology Co., Ltd. (China) for 
hematoxylin–eosin staining. Upon receiving the feedback 
photos, the changes in the structure of the intestinal tissues 
were observed.

Statistical Analysis

One-way ANOVA was performed using IBM SPSS Statis-
tics 20. A statistically significant difference between the 
groups was determined when P < 0.05.

Results

Pharmacokinetics

The time‒concentration curves of gastrodin after gavage 
differed for the two different surfactants (Fig. 2). In the 
Poloxamer 188 group, the areas under the drug-time curve 
(AUC​s) for 0.5%, 2.0%, and 8.0% of the Sprague–Dawley 
rats were 12,664.12, 11,201.95, and 11,416.71 mg/L*min, 
respectively, while the AUC​ for the blank group was 
10,471.05 mg/L*min (Table 2). No significant changes in 
the AUC​ were detected for different concentrations of Polox-
amer 188 compared with those in the blank group. There 
were no significant differences in the Cmax or Tmax between 
the groups. These findings indicate that Poloxamer 188 did 
not have a significant effect on the absorption of gastrodin.

In the Tween 80 group, the AUC​ of the drug-time curve 
for the 0.1%, 0.5%, and 2.0% groups of Sprague–Dawley 
rats were 10,764.29, 14,096.24, and 9160.85 mg/L*min, 
respectively. The AUC​ for the blank group was 
10,686.19 mg/L*min (Table 3). The 0.1% and 2.0% groups 
did not show any significant changes in absorption. Similar 
results were observed for Cmax, whereas Tmax did not signifi-
cantly differ. The results indicated that, compared with no 

Table 1   The primer sequences 
of genes

Name Forward Reverse

β-actin TGA​CAG​GAT​GCA​GAA​GGA​GA TAG​AGC​CAC​CAA​TCC​ACA​CA
Sglt1 GAA​TGT​TAC​ACA​CCC​AGG​GC AGA​CAT​GTT​CTT​GGC​CGA​GA
Glut2 CCT​TGG​TTC​ATG​GTT​GCT​GA CCG​CAA​TGT​ACT​GGA​AGC​AG
Zo-1 GAG​TTT​GAC​AGT​GGA​GTC​G AGC​TGA​AGG​ACT​CAC​AGG​AA
Occludin TCG​GTA​CAG​CAG​CAA​CGA​TAA​ CTG​TCG​TGT​AGT​CGG​TTT​CATA​
Claudin-1 GGT​TCA​TCC​TGG​CTTCG​ ATC​CAC​AGT​CCC​TCG​TAG​

Fig. 2   Drug-time curves of gas-
trodin administered intra-gastri-
cally in rats. Values displayed 
mean as ± SD. a Poloxamer 188 
(0.5%, 2.0% and 8.0% w/v); 
b Tween 80 (0.1%, 0.5% and 
2% w/v)



	 AAPS PharmSciTech (2024) 25:163163  Page 6 of 15

treatment, treatment with only 0.5% Tween 80 significantly 
increased the absorption of gastrodin in the intestine.

In Situ Single‑Pass Intestinal Perfusion

The gastrointestinal tract is the main site where orally admin-
istered drugs are absorbed. The effective permeability (Peff) 
reflects the absorption of drugs in the gastrointestinal tract. In 
the Poloxamer 188 group, the Peff values in various intestinal 
segments for the blank group and the 0.5%, 2.0%, and 8.0% 
groups were D (1.23, 1.26, 1.18, 1.08 cm/s), J (1.01, 0.78, 
0.78, 0.90 cm/s), I (0.71, 0.97, 0.89, 0.87 cm/s), and C (-0.29, 
-0.12, -0.26, -0.07 cm/s), respectively, with no significant 
differences compared to those of the blank group (Fig. 3a).

In the Tween 80 group, the Peff values in various intestinal 
segments for the blank group and the 0.1%, 0.5%, and 2.0% 
groups were D (1.13, 1.43, 1.93, 1.51 cm/s), J (1.09, 1.32, 2.14, 
1.24 cm/s), I (0.91, 1.14, 1.81, 1.21 cm/s), and C (0.16, 0.20, 
0.82, 0.07 cm/s), respectively (Fig. 3b). The Peff values for the 

0.5% Tween 80 group showed an increasing trend in the vari-
ous intestinal segments. The data analysis indicated that 0.5% 
Tween 80 can increase the absorption of gastrodin in various 
intestinal segments, but the difference was not significant. The 
0.1% and 2.0% groups exhibited minimal changes.

Expression of IGTs

Transporter expression is a major factor influencing 
drug transport capacity. In the Poloxamer 188 group, 
there were no significant differences in the expression of 
IGTs between the groups and the blank group (Figs. 4a 
and 5a). In the Tween 80 group, only the 0.5% group 
showed significantly increased expression of IGTs com-
pared to that in the blank group, whereas the 0.1% and 
2.0% groups did not show significant changes (Figs. 4b 
and 5b). This finding is consistent with the in vivo phar-
macokinetic results and unidirectional in situ intestinal 
perfusion experiments.

Table 2   Effect of Poloxamer 
188 on the pharmacokinetic 
parameters of gastrodin in rats. 
In comparison with the control, 
values displayed mean as ± SD

Parameter Unit Control 0.5% Poloxamer 188 2.0% Poloxamer 188 8.0% Poloxamer 188

AUC​(0-∞) mg/L*min 10471 ± 2865 12664 ± 2281 11202 ± 3862 11417 ± 24370
Cmax mg/L 195 ± 52 21 ± 29 178 ± 59 206 ± 51
Tmax min 30 ± 6 32 ± 4 33 ± 5 28 ± 10

Table 3   Effect of Tween 80 on the pharmacokinetic parameters of gastrodin in rats. In comparison with the control, values displayed mean as ± 
SD. P > 0.05 (ns), *P < 0.05 and ***P < 0.001

Parameter Unit Control 0.1% Tween 80 0.5% Tween 80 2.0% Tween 80

AUC​(0-∞) mg/L*min 10686 ± 1492 10764 ± 1905 14096 ± 3010* 9161 ± 2488
Cmax mg/L 179 ± 26 153 ± 17 248 ± 28*** 152 ± 22
Tmax min 33 ± 5 38 ± 12 30 ± 9 27 ± 10

Fig. 3   Peff of gastrodin in 
the intestine of SD rats. In 
comparison with the control, 
values displayed mean as ± SD. 
a Poloxamer 188 (0.5%, 2.0% 
and 8.0% w/v); b Tween 80 
(0.1%, 0.5% and 2% w/v)
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Fig. 4   Relative expression of Glut2 and Sglt1 mRNA in the intestine of SD rats. In comparison with the control, values displayed mean as ± SD. 
*P < 0.05 and **P < 0.01. a Poloxamer 188 (0.5%, 2.0% and 8.0% w/v); b Tween 80 (0.1%, 0.5% and 2% w/v);
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Fig. 5   Relative expression of 
GLUT2 and SGLT1 protein 
in the intestine of SD rats. In 
comparison with the control, 
values displayed mean as ± SD. 
**P < 0.01 and ***P < 0.001. 
a Poloxamer 188 (0.5%, 2.0% 
and 8.0% w/v); b Tween 80 
(0.1%, 0.5% and 2% w/v)
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Hematoxylin–Eosin Staining

The oral absorption of drugs is closely related to intestinal 
permeability, which is associated with the integrity of the 
intestinal structure. This study also investigated the effect 
of Poloxamer 188 and Tween 80 on intestinal structure. 
No inflammation or disruption of the intestinal structure 
was observed in either the Poloxamer 188 or Tween 80 
group (Fig.  6). It can be preliminarily concluded that 
Poloxamer 188 and Tween 80 have no significant effect 

on the intestinal structure. To confirm this, the expression 
of ITJPs (Claudin-1, Occludin, and ZO-1) in the intestine 
was examined.

Expression of ITJPs

Tight junctions are important membrane complexes between 
adjacent cells that act as barriers to epithelial tissues. The 
expression of tight junction proteins in all intestinal seg-
ments did not significantly differ among the Poloxamer 188 

Fig. 6   Hematoxylin–eosin staining in different intestinal segments. a Poloxamer 188 (0.5%, 2.0% and 8.0% w/v); b Tween 80 (0.1%, 0.5% and 
2% w/v)
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or Tween 80 groups (Figs. 7 and 8). This finding is consist-
ent with the results of hematoxylin–eosin staining.

Discussion

Drug transporter capacity refers to the ability of an organ-
ism to transport drugs throughout the body. Drug transport-
ers located in the intestinal epithelium typically mediate the 
transport of drugs into the intestines. These transporters 
facilitate the crossing of cell membranes, thereby influenc-
ing the intestinal absorption of drugs. However, there is a 
lack of clarity regarding how to systematically evaluate the 
drug transport capacity of intestinal transporters [43–45]. 
This paper introduces the concept of drug transport capacity 
and provides an answer to how to evaluate it systematically. 
In this study, the effect of the drug transport capacity of 
IGTs was evaluated based on the intestinal absorption of 
the probe drug, the expression level of IGTs, and the intesti-
nal permeability. Currently, when studying drug absorption 
related to intestinal glucose transporters, glucose or labeled 
glucose is commonly used as a substrate [46–48]. As a 
result, owing to the restrictive nature of these substrates, 
most studies are limited to in vitro cell transport experi-
ments and lack animal experiments [49–51]. This limitation 
arises from the lack of suitable probe drugs.

Glucose, as a substrate for IGTs, lacks a UV absorption 
chromophore, which makes quantitative detection inconven-
ient. One of the highlights of this study was the use of probe 
drug for IGTs that can be used in animal experiments. In terms 
of structure, the active ingredient in Gastrodia elata, known 
as gastrodin, is 4-hydroxybenzyl alcohol-β-D-glucoside. Its 
structure was similar to that of glucose. From a structural 
perspective, the 4-hydroxybenzyl alcohol moiety of gastrodin 
(MW: 124 g/mol) can be considered a UV absorption chromo-
phore attached to glucose (MW: 180 g/mol) [52]. Moreover, 
gastrodin exhibited high stability. After oral administration, 
it predominantly exists in its native form in the bloodstream, 
which facilitates quantitative analysis [53–55]. Among the 
reported glycoside-active substances transported through IGTs, 
gastrodin has the highest oral bioavailability (approximately 
80%) [41]. Our research group previously confirmed through 
in vivo and in vitro experiments that gastrodin can be rapidly 
absorbed through the intestinal glucose transport pathway [12, 
40]. Therefore, gastrodin can be considered an optimal drug 
probe for evaluating the drug transport ability of IGTs.

Pharmacokinetic and in situ single-pass intestinal per-
fusion experiments showed that Poloxamer 188 did not 
significantly affect the intestinal absorption of gastrodin 
compared to that in the control group, even when the con-
centration increased from 0.5% to 8%. According to the lit-
erature, Poloxamer 188 does not affect the absorption of 
orally administered drugs [56]. Subsequently, the expression 

of intestinal glucose transporters (IGTs) in all intestinal seg-
ments was quantified by RT‒PCR and western blotting. The 
results showed no significant difference in the expression 
of IGTs among the three concentrations of Poloxamer 188. 
These findings are consistent with the intestinal absorption 
of gastrodin. Hematoxylin–eosin staining was performed on 
intestinal tissue slices from rats that were administered high, 
medium, or low concentration of Poloxamer 188 via gas-
tric lavage. The results showed that the intestinal structures, 
including the villi, were intact, with no apparent damage. 
To further verify these findings, we conducted RT‒PCR 
and western blotting to test the expression of tight junction 
proteins in the rat intestines. Consistent with the results of 
hematoxylin–eosin staining, the present study showed that 
the three concentrations of Poloxamer 188 did not signifi-
cantly affect the expression of tight junction proteins in the 
rat intestines. Therefore, the possibility of Poloxamer 188 
damaging intestinal structures and thereby increasing per-
meability can be ruled out. These results indicated that the 
three concentrations of Poloxamer 188 did not affect drug 
absorption by influencing intestinal permeability. Shah et 
al. reported that Poloxamer 188 enhanced the solubility of 
compounds without increasing intestinal permeability [57]. 
Additionally, Fischer et al. discovered that a concentration of 
approximately 20% Poloxamer 188 did not have any adverse 
effects on cell viability or monolayer integrity [58]. Further-
more, there is no established Acceptable Daily Intake (ADI) 
for Poloxamer 188 in the FDA. This result may be attributed 
to the low toxicity of Poloxamer 188 at safe dosage levels, 
which implies that it has a minimal effect on drug transport 
capacity [59]. Therefore, Poloxamer 188 had little effect on 
the drug transport capacity of IGTs within the limits of safe 
use.

In comparison with Poloxamer 188, Tween 80 affects the 
drug transport capacity of IGTs. In vivo pharmacokinetic 
experiments demonstrated that the presence of 0.5% Tween 
80 resulted in an approximately 32% increase in the AUC​(0-∞) 
of gastrodin, which was significantly different from that of the 
control group. However, when the concentration of Tween 
80 increased to 2.0%, the oral bioavailability of gastrodin 
decreased. In single-pass intestinal perfusion experiments, no 
significant differences in gastrodin absorption were observed 
among the three Tween 80 concentrations in any of the intesti-
nal segments. Although no statistically significant differences 
were found, the absorption of gastrodin in each intestinal seg-
ment was enhanced by 0.5% Tween 80. It can be inferred that 
0.5% Tween 80 enhances the intestinal absorption of gastrodin 
when administered orally. This finding aligns with the conclu-
sions drawn from the pharmacokinetic experiments. Follow-
ing previous in vivo pharmacokinetic and in situ single-pass 
intestinal perfusion experiments, we focused on the expres-
sion levels of IGTs. The results showed that the expression of 
IGTs was promoted by 0.5% Tween 80, while no significant 
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Fig. 7   Relative expression of 
Claudin-1, Occludin and Zo-1 
mRNA in the intestine of SD 
rats. In comparison with the 
control, values displayed mean 
as ± SD. a Poloxamer 188 
(0.5%, 2.0% and 8.0% w/v); 
b Tween 80 (0.1%, 0.5% and 
2% w/v)
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Fig. 8   Relative expression of 
Claudin-1, Occludin and ZO-1 
protein in the intestine of SD 
rats. In comparison with the 
control, values displayed mean 
as ± SD. a Poloxamer 188 
(0.5%, 2.0% and 8.0% w/v); 
b Tween 80 (0.1%, 0.5% and 
2% w/v)
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differences were observed in the groups treated with 0.1% 
or 2.0% Tween 80. We also excluded the influence of Tween 
80 on intestinal permeability using hematoxylin–eosin stain-
ing, RT‒PCR, and Western blotting. In conclusion, the drug 
transport capacity of IGTs was enhanced by 0.5% Tween 
80 because of the increased expression of IGTs. However, 
0.1% and 2.0% Tween 80 did not significantly affect the drug 
transport capacity of the IGTs. Theoretically, the effect of 
surfactants on drug absorption is generally proportional to 
their concentration or gradual saturation. However, this was 
not the phenomenon observed in the experimental results, 
but there was a tendency to increase and then decrease. A 
similar phenomenon was observed in a study by Mai et al. 
on the sex-specific effects of orally administered drugs on 
excipients [60]. In addition, it has been suggested that the 
dose-dependent effect of Tween 80 on P-gp function can be 
explained by its significant influence within a certain range 
of concentrations but is negative at high concentration [61]. 
It has been shown in the literature that there are activation 
and inhibition regions in transporters [62]. For the results of 
this experiment, this may be due to the fact that the activating 
and inhibitory regions were not contacted at low concentra-
tion, whereas at moderate concentration the surfactant may 
bind to the activation region of the transporter and promote 
its function. However, at high concentration, surfactants can 
cause membrane loosening, leading to contact with the inhibi-
tory region and subsequent membrane inhibition Thus, there 
would be a tendency for the concentration to increase from 
low to medium concentration, but due to the inhibitory effect 
of high concentration, these findings highlight that medium 
concentration enhance the drug transport capacity of intestinal 
glucose transporters. Additionally, studies have shown that 
Tween 80 does not cause damage to the intestinal membrane 
[33, 63]. Clearly, different surfactant concentrations may have 
varying effects on the drug transport capacity of IGTs.

In this study, Poloxamer 188 and Tween 80 did not nega-
tively affect the drug transport capacity of IGTs. This may 
be because the surfactant concentrations used in this study 
were within the safe range and did not exceed the maximum 
or commonly used dose range. The safety of surfactants is 
determined by conducting toxicity assessment experiments 
to determine their toxicity in animals or cells. These experi-
ments, which typically include acute toxicity experiments and 
subchronic/chronic toxicity experiments, assess the potential 
hazard of the surfactant to the whole organism by observing 
behavioral and physiological indicators and histopathological 
changes in animals [64]. However, relatively few studies on 
specific intestinal proteins, especially those related to intesti-
nal transporters, exist [65, 66]. Therefore, for further studies, 
concentration experiments beyond a reasonable range can be 
carried out to determine whether different phenomena occur, 
such as protein inactivation. Additionally, experiments can 
be conducted by refining the concentration gradient to obtain 

more comprehensive data. Such studies will help to provide a 
more accurate reference for the design of drug formulations 
transported via IGTs to optimize drug uptake and understand 
the transport properties. To obtain more information about 
the effects of IGTs on drug transport capacity, further stud-
ies are needed to fill the knowledge gaps of existing studies.

Conclusion

In this study, we investigated the effects of the commonly 
used surfactants Poloxamer 188 and Tween 80 on the drug 
transport capacity of IGTs in Sprague–Dawley rats using 
gastrodin as a probe drug. The results indicated that Polox-
amer 188, at high (8.0%), medium (2.0%), and low (0.5%) 
concentrations, did not significantly affect the intestinal 
absorption of gastrodin or the expression of IGTs. Addi-
tionally, none of the three concentrations of Poloxamer 188 
affected intestinal permeability. However, compared with 
the control treatment, Tween 80 at a medium concentration 
of 0.5% significantly increased the oral bioavailability of 
gastrodin. In contrast, low concentration of 0.1% and high 
concentration of 2.0% Tween 80 did not significantly affect 
the oral bioavailability of gastrodin. The expression of IGTs 
was significantly increased with medium concentration of 
Tween 80 but not with low or high concentrations in all 
intestinal segments. Furthermore, none of the three Tween 
80 concentrations had any effect on intestinal permeabil-
ity. In summary, Poloxamer 188 had no effect on the drug 
transport capacity of IGTs at concentrations of 0.5%, 2.0%, 
or 8.0% within safe usage limits. However, the expression of 
IGTs increased in the presence of 0.5% Tween 80, resulting 
in a significant improvement in the drug transport capacity 
of the IGTs. In contrast, 0.1% and 2.0% Tween 80 had no 
significant effects on the serum ALB concentration. This 
study emphasizes the importance of considering the type 
and concentration of surfactants in pharmaceutical formu-
lations. Additional research is required to understand the 
mechanisms underlying the effect of surfactants on the drug 
transport capacity of IGTs. Such studies can offer valuable 
insights into the rational use of drugs absorbed through the 
intestinal glucose transport pathway and the design of oral 
drug delivery systems based on this pathway. Therefore, it 
is crucial to improve our understanding of surfactants and to 
conduct thorough screening when designing drug formula-
tions for transport through IGTs.
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