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Intestinal absorption and neuroprotective effects
of kaempferol-3-O-rutinoside
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Kaempferol-3-O-rutinoside (K3R) has been proven to have biological activities for the prevention and

treatment of central nervous system (CNS) diseases. However, the details of its absorption from the

gastrointestinal tract and transport across the blood—brain barrier (BBB) are not clear. Therefore, to

provide a basis for its efficacy, we explored its intestinal absorption with Caco-2 monolayer cells, rat

orthotopic intestinal perfusion, its transport across a BBB model based on bEnd.3 monolayer cells and its
pharmacological effects on PC12 cells in terms of neuropathy. The results indicated that the transport of

K3R is concentration dependent; moreover, the apparent permeability coefficient (P,pp) of K3R lacked

directionality, and the efflux rate after adding P-glycoprotein inhibitor did not show a significant change.
K3R was found to be completely absorbed in the intestines of rats, and the absorption process follows
the first-order kinetics. K3R can pass through the BBB with passive diffusion. The neuroprotective effects
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of K3R were related to stabilization of the mitochondrial membrane and a decrease in reactive oxygen

species. These results demonstrated that K3R can be absorbed in a relatively moderate ratio in the
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1. Introduction

Kaempferol-3-O-rutinoside (K3R) is an effective component that
is present in some medicinal plants, such as Carthamus tinc-
torius. It is a flavonoid glycoside and takes the form of a yellow
amorphous powder. K3R has been reported to have a variety of
biological activities, such as anti-oxidation, protection of the
liver and gallbladder, antibacterial, anti-inflammatory, inhibi-
tion of uric acid, anti-glycation, prevention of kidney stones and
promotion of wound healing."® In recent years, the efficacy of
K3R in the central nervous system (CNS) has been studied. It
has been reported that K3R can prevent and treat ischemic
brain damage.” It can also treat neuronal inflammation by
inhibiting the activation of transcription factor nuclear factor-
kB (NF-«B), a signal transducer and activator of transcription 3
(STAT3)." Further studies have shown that K3R can signifi-
cantly reduce the neurotoxicity of beta-amyloid-induced nerve
cells." For multi-infarct dementia model rats, K3R can improve
rat memory function and reduce damage due to oxidative stress
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gastrointestinal tract and transported to the brain. Thus, K3R may be a potent drug for the prevention
and treatment of neurodegenerative diseases such as Parkinson's disease.

on the nervous system." Our previous studies have shown that
safflower flavonoid extract (in which K3R is the main ingre-
dient) is effective in preventing and treating Parkinson's disease
(PD), and the protective mechanism of K3R on nerve cells
corresponds to specific binding to DJ-1.'*' However, the
absorption of K3R from the gastrointestinal tract into the blood
and then across the blood-brain barrier (BBB) is poorly
understood. Therefore, it is important to study the absorption
and the transport of K3R for guidance in determining its clin-
ical dose.

Caco-2 cells belong to the human colon adenocarcinoma cell
line; they can spontaneously differentiate from small intestinal
epithelial cells and have similar shapes and functions. Caco-2
monolayer cells are closely linked and express multiple
membrane transporters, such as P-glycoprotein (P-gp) and
multidrug resistance protein (MRP). Thus, the Caco-2 mono-
layer model is used by the US FDA to simulate human intestinal
absorption and is widely used in drug research and develop-
ment.”*™® In situ intestinal perfusion techniques in rats can
maintain a supply of blood to intact intestines; it has been re-
ported that oral drug absorption in rats and in the human body
have a linear correlation.'® Therefore, the combined study of
K3R absorption in the Caco-2 monolayer cell model and the rat
in situ intestinal perfusion model could increase understanding
of the absorption characteristics of K3R.

Crossing the BBB is a key step in the treatment of CNS
disease by K3R.* Thus, in this study, the immortalized mouse

This journal is © The Royal Society of Chemistry 2017
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brain endothelial cell line bEnd.3 was used to establish an in
vitro BBB model. Because bEnd.3 has the characteristics of low
fluorescein sodium permeability and high expression of tight
junction proteins, it is a commonly used BBB model.*»** The
study of K3R cross-BBB behavior in the bEnd.3 monolayer cell
model is beneficial to further study the pharmacological activity
of K3R.

Next, the pharmacological effects of K3R on neuronal cells
were studied using pheochromocytoma (PC12) cells. PC12 cells
have many similar characteristics to dopaminergic neurons,
such as dopamine (DA) synthesis, metabolism and transport.
Thus, they are widely used as an in vitro dopaminergic neuronal
model* to study nerve injury and protection. Rotenone is highly
lipophilic and binds to dopaminergic neurons to specifically
inhibit the activity of mitochondrial complex I, thereby causing
neuronal cell degeneration and death, which is characteristic of
Parkinson's disease (PD).>*

In this study, we investigated the transport of K3R in the
Caco-2 absorption model, the rat orthotopic intestinal perfu-
sion model, and the bEnd.3 BBB model, as well as its protection
effects on the rotenone-induced PC12 cell model.

2. Results

2.1 Quantitative analysis of K3R in transport solution

The HPLC method to test K3R transportation was verified in
this research. The standard curve showed a good linear rela-
tionship (r = 0.9998), and the linear equation was Y = 102 836X

@A)

150 B K3R-24h

I k3R-48h
100+

504

Cell Viability(%)

\'\,?’ '\? S \@ ,»@
Concentration (uM)
©)

150+
Il k3R-24h

B k3R-48h
100+

50+

Cell Viability(%)

N
S & S L
N
R®

Concentration (uM)

Cell Viability(%)

Cell Viability(%)

View Article Online

RSC Advances

— 3835.7 (X is the concentration and Y is the peak area) in the
range of 0.03 to 10 ug mL~" for K3R (the limit of detection was
10 ng mL~" and the limit of quantity was 38 ng mL™").

The repeatability of the method was evaluated by testing K3R
solutions at three concentration levels (high, middle and low);
each concentration was tested in three batches. The RSD value
of repeatability was less than 1.93%, which showed the high
repeatability of the method.

The precision of the method was evaluated by testing the
K3R solutions at three different concentration levels (high,
middle and low). The experiment was repeated five times on the
same day to afford intra-day precision. The three concentrations
of solution were prepared and tested five times on three
consecutive days to determine the inter-day precision. The RSD
of the intra-day precision was less than 0.38% and that of the
inter-day precision was less than 1.86%, which showed that the
HPLC method to test K3R in the transport solution was highly
precise.

The K3R solution was stored at 37 °C and analyzed at 0, 4, 8
and 12 h, respectively. The relative standard deviation of the
peak area was taken as a measure of stability and was less than
0.14%. This result showed that the K3R solution has good
stability under these conditions.

2.2 Cytotoxicity assay

The influence of K3R on the viability of Caco-2 cells, bEnd.3
cells and PC12 cells was investigated in this research. The data
showed that there was no significant cytotoxicity on Caco-2
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Fig.1 Cellviability of (A) Caco-2 cells, (B) bEnd.3 cells and (C) PC12 cells affected by K3R at 24 h and 48 h. And (D) PC12 cells were damaged after

the addition of rotenone. Values are presented as mean + SD (n = 4).
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cells, bEnd.3 cells or PC12 cells (the survival rate was more than
90%, Fig. 1) when the concentration of K3R was 12.5 uM to 300
puM within 48 h of incubation. Also, 1% dimethyl sulfoxide
(DMSO) had no effect on cell viability. In addition, Féres CA
et al* carried out acute and chronic toxicological studies of
rutin, a dry extract from Dimorphandra mollis, in rodents; this
study suggested that the extract is safe in a 1000 mg kg~ dose.
Therefore, we expected that the concentration of K3R in the
follow-up experiments would not affect the results due to
toxicity on cells and mucosa.

The toxicity of rotenone to PC12 cells increased with
increasing concentration and time within 48 h. When the
concentration of rotenone was greater than 1 uM, the survival
rate of PC12 cells decreased significantly after 24 h treatment
(Fig. 1D).

2.3 Transport experiments of K3R in the Caco-2 cell
monolayer

As shown in Fig. 24, after being cultured for 21 days, Caco-2
cells can form a tightly connected monolayer with good integ-
rity. Transmission electron microscopy (TEM) images (Fig. 2B)
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showed that the monolayer cells had characteristics of intes-
tinal epithelial cells, such as the differentiation of microvilli on
their tops and the formation of cell desmosomes between cells.
This indicated that the monolayer of Caco-2 cells could be used
to simulate the intestinal absorption process of drugs in vivo.
For apical (AP) to basolateral (BL) transport, the apparent
permeability coefficients (P,pp,) of K3R at different pH values are
shown in Fig. 2C. There was no significant difference in P, at
different pH values. P,ppap—pr) increased with increasing
concentration of K3R from 50 uM to 200 uM (Fig. 2D), indi-
cating that the P,,, of K3R was concentration dependent. The
Papp(ar—nr) Of K3R was about 1.09 to 1.49 x 10 ° cm s~ '. All
these results indicated that the absorption of K3R was consis-
tent with the passive diffusion mechanism,'®*® with a relatively
moderate absorptive capacity.””

The result of bidirectional transport of K3R in the Caco-2 cell
monolayer is shown in Fig. 2E. Although the P,,pap - 5r) of K3R
was smaller than the P,,,n1.— ap), the efflux rate (ER) was 1.25,
which is less than 1.5. In order to determine whether an efflux
effect occurred during the absorption process, the P-gp inhib-
itor verapamil was added to investigate the bidirectional
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Fig.2 Transport of K3R in Caco-2 cells. (A) Inverted microscope and (B) TEM image of Caco-2 monolayer cells. (C) Effects of pH on transport at
a K3R concentration of 200 uM. (D) Effects of K3R concentration on transport. (E) P,y of K3R bidirectional transport at a K3R concentration of
200 uM. (F) Effects of verapamil (VER.) on K3R bidirectional transport at a K3R concentration of 200 uM. Values are presented as mean &+ SD (n =

3). Notes: *, P < 0.05; ** P < 0.01; n.s., no significance.
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Table 1 Absorption parameters of K3R in different intestinal segments of rats (mean + SD, n = 6)

Segment K, (h™) ti2 (h) P (%) Papp (x107%, cm s7Y)
Duodenum 0.22 £+ 0.09 3.60 = 1.55 27.50 £+ 6.40 4.21 + 1.68
Jejunum 0.24 £ 0.12 3.59 £ 1.60 23.67 +£10.23 4.54 £2.17
Ileum 0.23 + 0.11 3.66 + 1.62 23.65 £+ 14.16 4.39 + 2.17
Colon 0.16 &+ 0.07 5.16 + 2.57 21.81 + 13.09 4.05 + 1.84

transport of K3R. The results (Fig. 2F) showed that after adding
verapamil, the P,,,m1—ap) Of K3R was still higher than the
P,ppap—pr) and was close to the result for bidirectional trans-
port without inhibitor. It can be concluded that K3R is not
a substrate for P-gp, and the transport process may involve the
effects of other efflux proteins, such as MRP.***°

2.4 In situ rat intestinal perfusion experiment of K3R

The absorption parameters of K3R during in situ intestinal
perfusion experiments in rats are shown in Table 1; it was found
that K3R was absorbed in all four rat intestine segments. The
absorption rate constant (K,), half-life (¢,,,), first hour absorp-
tion rate (P) and P,pp, of the duodenum, jejunum and ileum were
very close. Although the K,, P and Py, values of the colonic
segment were slightly smaller than those of the first three
intestines and the ¢,,, was slightly longer, there was no signifi-
cant difference. These results indicated that K3R was absorbed
in the intestine without specific absorption sites. The logarithm
of the residual dose of K3R in the intestine was plotted against
the sampling time with a linear correlation and a coefficient r >
0.9, suggesting that K3R absorption in the intestine follows
first-order kinetics (Fig. 3).

2.5 Transport of K3R across the BBB in vitro

bEend.3 cells were inoculated on a transwell plate, and the
transepithelial electrical resistance (TEER) was measured after
five days. The TEER values gradually increased and tended to be
stable during the culture process. The cell formed a tight,
integrated monolayer similar to the brain endothelial structure
when the TEER reached 200 Q cm 2. Then, the integrity of the
cell monolayer was evaluated with fluorescein sodium-HBSS
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Fig. 3 The logarithm of the residual dose of K3R in different intestinal
segments of rats (mean + SD, n = 6).

This journal is © The Royal Society of Chemistry 2017

solution (2 pg mL™"). The result showed that the Py, of fluo-
rescein sodium in the direction from the inner chamber to the
outer chamber was (9.970 + 0.574) x 10”° ecm s, indicating
that the tightness of the BBB cell model was good and that it
could be used in BBB-crossing experiments with K3R.**

K3R solutions with concentrations of 100, 200, or 300 uM
were respectively added to the inner chamber, and K3R could be
detected in the outer chamber; this indicated that K3R could
cross the BBB. The transport ratio of K3R was proportional to
the time and concentration (Fig. 4). 4 h later, the transport ratio
could reach 45-65% without saturation. P,p, was also propor-
tional to the concentration within (1.34 + 0.26) to (1.98 + 0.13)
x 107> em s~ '. These results indicated that K3R could cross the
BBB and enter brain tissue.

2.6 Protective effects of K3R on rotenone-induced PC12 cell
damage

Compared with the control group (untreated), the cell survival
rate of PC12 cells in the model group significantly decreased to
(78.6 £ 6.2)% after treatment with 1 uM rotenone for 24 h
(Fig. 5A). After incubation with 100, 200 and 250 uM K3R for 4
hours, 1 pM rotenone was added; the PC12 cell viability
increased compared with the model group. When the K3R
concentration was 250 pM, the survival rate of PC12 cells was
(87.16 + 2.8)%, indicating that K3R was able to inhibit
rotenone-induced injury in PC12 cells.

Lactate dehydrogenase (LDH) is rapidly released into the
culture medium when the cell membrane breaks down. The
LDH release in the model group was (142.7 £ 2.5)%. The
releases of LDH in PC12 cells after preincubation with K3R (100,
200, 250 uM) were (114.8 + 2.9)%, (105.1 + 5.8)% and (103.1 +
2.1)%, respectively; this indicated that the release of LDH
significantly decreased with increasing K3R concentration
(Fig. 5B).

The higher the intracellular reactive oxygen species (ROS)
level, the more severe the oxidative stress injury. In this study,
PC12 cells were treated with rotenone; the level of ROS was 2
times that of the control group, indicating that the toxicity of
rotenone to the cells was related to oxidative stress injury.
Pretreatment with K3R (100, 200, and 250 pM) significantly
inhibited the production of ROS, which decreased to (131.7 &+
11.3)%, (80.3 + 3.8)% and (60.1 + 12.1)%, respectively. The
results indicated that K3R had good antioxidant effects.*"** The
antioxidant activity of K3R contributes to the inhibition of ROS
increase in rotenone-induced PC12 cells.

Compared with the control group, the mitochondrial
membrane potential of PC12 cells was reduced by 20% after

RSC Adv., 2017, 7, 31408-31416 | 31411
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Fig.4 K3R BBB crossingin vitro. (A) Transport ratio of K3R across the BBB;

+ SD (n = 3). Notes: * P < 0.05; ** P < 0.01; n.s., no significance.
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Fig. 5 Effects of K3R on rotenone-induced PC12 cell damage. The cells were treated with K3R at different concentrations for 4 h and then
treated with 1 uM rotenone for 24 h. (A) Cell viability assayed by SRB; (B) released lactate dehydrogenase activity; (C) reactive oxygen species level
and (D) mitochondrial membrane potential determination by flow cytometry. Notes: *, P < 0.05; **, P < 0.01; n.s., no significance.

treatment with 1 uM rotenone for 24 hours. Pretreatment for 4
hours with K3R at concentrations of 100 and 200 uM increased
the cell membrane potentials to (94.2 &+ 4.9)% and (97.1 £ 2.8)%,
respectively. However, when the K3R concentration was 250 UM,
the mitochondrial membrane potential of the cells was lower
than that of the model group; the reason for this is not clear.

31412 | RSC Adv., 2017, 7, 31408-31416

3. Discussion

It has been reported that the low water solubility and perme-
ability of flavonoids limit their absorption and bioavailability in
vivo.'® K3R has prominent biological activity in the CNS; thus, it
is necessary to study the absorption properties of K3R and its
ability to cross the BBB. The P, value is important to predict

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra05415g

Open Access Article. Published on 19 June 2017. Downloaded on 12/4/2025 3:53:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the permeability of drugs. A drug is considered to be well
absorbed (20-80%) when the P,, is greater than 1 x 10~° cm
s~ in Caco-2 cells.?” As a flavonoid glycoside compound, the
Papp(ap— pr) Of K3R of (1.09 t0 1.49) x 10 °em s~ " in Caco-2 cells
showed relatively moderate absorption (Fig. 2). The results were
subsequently confirmed by an in vivo intestinal perfusion
experiment; the P,,, was found to be (4.05 to 4.54) x 10 ° cm
s~'. This is mainly because the glycosyl structure of K3R can
promote absorption and increase bioavailability, as pointed out
by Hollman et al** and Walle et al.*>* when they studied the
absorption of quercetin glycosides and quercetin. However, the
actual absorption of drugs should be based on their pharma-
cokinetics in vivo, and follow-up experiments will be performed.
The fluxes of K3R were linearly associated with time, and no
saturation phenomenon occurred; this indicates that the
transport of K3R was mainly passive.*® The ER of K3R was less
than 1.5, and the P-gp inhibitor verapamil did not increase the
P,ppap—pr) Of K3R; this showed that the transport of K3R was
not affected by the ABC efflux transporter P-gp. In order to
identify the other specific protein involved in the process,
further experiments must be conducted.

Youdim studied the behavior of citrus flavonoids across the
BBB. The results showed that citrus flavonoids traversed the
BBB in the form of metabolites and showed a time-and dose-
dependent passive transcellular diffusion process. The
amount of permeation is related to the lipophilicity of the
metabolites, and the main metabolites to cross the BBB were
glucuronidated flavonoids.*® In this research, the behavior of
K3R across the BBB was studied, and the permeability and P,
values showed concentration and time dependence, which is
consistent with reported results. It has also been reported that
glycosides formed by the hydrolysis of the O-glycosidic bonds of
flavonoids have better lipophilicity and permeability than their
parent glycosides, which is favorable for transmembrane
transport.*” Thus, K3R has a good ability to cross the BBB.

Studies have shown that the damage mechanism of rotenone
to nerve cells involves the production of ROS and the loss of
mitochondrial function.®® In our study, the toxicity of rotenone
to cells increased with increasing concentration and time
(Fig. 2D). By cytotoxicity and LDH release assays, it was
confirmed that the survival rate of rotenone-induced PC12 cells
significantly increased after pretreatment with K3R. The LDH
leakage was reduced by 40%, and the protective effect was
concentration dependent (Fig. 5), consistent with our previous
experimental results.® It was further confirmed that the
protective effects of K3R on PC12 cells were achieved by pre-
venting the decrease of the mitochondrial membrane potential
and inhibiting the production of intracellular ROS. This was
due to the high scavenging free radical ability and antioxidant
activity of K3R.*" It has been reported that the presence of K3R-
specific sugar side chains (rutose) enhances its neuroprotective
activity.*>** It was reported that the biological activities of
quercetin and its glycoside derivatives are related to their
metabolites.*” Therefore, many biological activities of K3R are
related to its metabolites in vivo. The metabolites may be
directly involved in the biological process of K3R and play a role
in its efficacy.

This journal is © The Royal Society of Chemistry 2017
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4. Materials and methods
4.1 Materials

K3R (purity 98%) was obtained from the ZeLang group (China).
Sulforhodamine B (SRB), ethylene diamine tetraacetic acid
(EDTA) and verapamil hydrochloride were obtained from Sigma
Chemical Co. (USA). The high performance liquid chromatog-
raphy (HPLC) solvents methanol, acetonitrile and formic acid
were obtained from Fisher (USA). All other chemicals were of
analytical grade or HPLC grade.

Caco-2 cells and bEnd.3 cells were obtained from American
Type Culture Collection (ATCC, USA). PC12 cells were
purchased from the cell bank of the Chinese Academy of
Sciences. Minimum essential medium (MEM), Dulbecco's
Modified Eagle's Medium (DMEM), RPMI 1640, sodium pyru-
vate solution, penicillin-streptomycin, non-essential amino
acid and Hank's balanced salt solution (HBSS) were purchased
from M&C Gene Co., Ltd. (China). Fetal bovine serum (FBS) was
obtained from Gibco Co. (USA). Transwell culture plates and
dishes were obtained from Corning Inc. (USA).

Male Sprague-Dawley (SD) rats, 8 weeks old, 250 + 20 g, were
obtained from Peking University Health Science Center. Animal
certificate number: SCXK (Jing) 2016-0010. The rats were
housed in standard conditions at room temperature (22 + 2 °C)
and humidity (55 + 5%). The rats were acclimated for at least 3
days and had free access to food and water.

All the animal experiments were performed in compliance
with the relevant laws and institutional guidelines of the Insti-
tutional Animal Care and Use Committee of Peking University
Health Science Center and were approved by the Institutional
Animal Care and Use Committee of Peking University Health
Science Center (Beijing, China).

4.2 Quantitative analysis of K3R

4.2.1 HPLC conditions. The concentration of K3R was
determined using a Shimadzu (Japan) HPLC system equipped
with an LC-20AT pump, SPD-20A UV detector, SIL-20A auto-
sampler and Alltima HP-C18 column (250 mm X 4.6 mm, 5 um,
Alltech, USA). The mobile phase was acetonitrile : water (0.3%
formic acid added) in a ratio of 20 : 80 (v/v). The UV detection
wavelength was 345 nm, the flow rate was 1.0 mL min~', and
the injection volume was 20 pL.

4.2.2 Analytical method validation. Experiments, including
linearity, precision (intra-day precision, day precision and
repeatability) and accuracy of K3R, were carried out to validate
the quality inspection of the methods.*

4.3 Cell culture

Caco-2 cells were grown in MEM medium with 10% FBS, 1%
penicillin-streptomycin, 1% pyruvic acid sodium and 1% non-
essential amino acid. bEnd.3 cells were cultured in DMEM
medium containing 10% FBS and 1% penicillin-streptomycin.
PC12 cells were grown in RPMI 1640 medium containing 10%
FBS and 1% penicillin-streptomycin. The cells mentioned
above were placed in a 37 °C humidified incubator with 5% CO,
atmosphere. When the cells in the culture flask were 70-80%
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fused, they were passaged at a ratio of 1 : 3 and digested with
0.25% trypsin (containing 0.02% EDTA).

4.4 Cytotoxicity assay

The influence of K3R on the viability of Caco-2 cells, bEnd.3
cells and PC12 cells was detected by the sulforhodamine B (SRB)
method. At the same time, the damage of PC12 cells induced by
rotenone was investigated. K3R or rotenone was first dissolved
in DMSO and diluted with PBS to the required concentration
before use. The concentration of DMSO in the cell culture
medium was controlled to 1% or below. Caco-2 cells, bEnd.3
cells and PC12 cells were seeded in 96-well plates at a density of
1.5 x 10* cells per mL and then incubated in an incubator for
24 h, respectively. After that, the cells were treated with K3R for
24 or 48 h, and another group was treated with rotenone for 12,
24 and 48 h at different concentrations. The culture medium
was removed and monitored by the SRB method; then, the plate
was placed on an iMark microplate reader (Bio-Rad Laborato-
ries, CA, USA) at a wavelength of 540 nm to determine the
optical density (OD) values.* The cell viability was calculated
using the following formula: cell viability (%) = (ODgeated/
OD¢ontrol) X 100%.

4.5 Transport experiments on the Caco-2 monolayer cell
model of K3R

4.5.1 Validation of the Caco-2 monolayer cell model. For
the transport experiments, Caco-2 cells were placed in 4 x 10>
cells per mL cell suspensions, and 0.5 mL was inoculated into
12-well transwell culture chambers. 1.5 mL fresh culture
medium was added to the outer chamber, and the cells were
placed into a 37 °C, 5% CO, incubator. The culture medium in
each well was replaced once every two days and once every day
two weeks after the inoculation of the cells. At the same time,
the transepithelial electrical resistance (TEER) was measured
every two days using a Millicell-ERS electrode (Millipore, Bill-
erica, USA). After incubation for 21 days, the wells with TEER
values of more than 500 Q cm ™2 were selected for the transport
experiments.'®*

The Caco-2 cell monolayers were cultured continuously for
21 days, and the morphology of the monolayer membrane was
observed with an inverted microscope (AMG EVOS, USA). The
monolayer cells were scraped gently and maintained overnight
at 4 °C. The monolayer cells were finally dehydrated with
different concentrations of ethanol solution and observed by
TEM (JEOL Ltd., Japan).

4.5.2 Transport experiments on the Caco-2 monolayer cell
model of K3R. Before the transport experiments, the culture
medium was removed from the mature Caco-2 cell monolayers,
and the monolayers were washed twice with HBSS solution (pH
7.4, 37 °C). For apical to basolateral transport, 0.5 mL K3R
solution (200 pM) was added to the apical membrane, and 1.5
mL HBSS blank solution was added to the basolateral
membrane. For BL to apical AP transport, 1.5 mL drug solution
was added to the basolateral membrane, and 0.5 mL HBSS
blank solution was added to the apical membrane. The culture
plates were placed in an air bath in the dark (37 °C, 50 rpm), and
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0.2 mL of solution was sampled from the AP (BL — AP direc-
tion) or the BL (AP — BL direction) at 30, 60, 90, 120, 150, 180
and 240 min, respectively. The same volume of blank HBSS
solution was added after each sample was removed. The
removed samples were stored at —20 °C until analysis.

Similarly, the effects of drug concentration, pH (5.5, 6.8 and
7.4) and P-gp inhibitors (20 pg mL ™" verapamil) on the trans-
port of K3R were evaluated, respectively. The P,p;, values under
different conditions were calculated.

4.5.3 Data analysis. The apparent permeability coefficient
(Papp» cm s~ 1) and efflux rate (ER) were calculated using eqn (1)
and (2).

AQ
AtAC, (1)

Py =

where dQ/dt is the transport rate (ug s~ '), A is the area of the
polycarbonate membrane per well (1.12 cm?), and C, is the
initial concentration of the drug (ug mL™").
P, -

ER = app(BL— AP) (2)
Papp(APHBL)
where P,,pmL— ap) IS the Py, from the basolateral cells to the
apical cells and P,ppap— 1) iS the Py, from the apical cells to
the basolateral cells.

4.6 In situ rat intestinal perfusion experiment of K3R

SD rats, after fasting for 15 h (free drinking water), were anes-
thetized and fixed by intraperitoneal injection of 20% urethane
solution (10 mL kg™ '). The abdominal cavity was opened along
the abdominal line (about 3 c¢cm), and the required intestinal
segment was located (about 10 cm). A tube was inserted into the
cuts at both ends of the intestine, ligated with surgical line, and
then connected with a peristaltic pump (BT00-300M, Longer-
Pump, China) to a recirculating reflux system.'® The contents
of the intestine were rinsed with Krebs-Ringer buffer (KRB, 37
°C) and the remaining KRB was expelled from the intestine with
air. The K3R solution (200 pM; phenol red 20 pg mL ') was
circulated at a flow rate of 5 mL min~" for 10 min. The flow rate
was adjusted to 2 mL min~", and the intestinal perfusion was
started. At 0, 10, 20, 30, 45, 60, 90 and 120 min, 0.5 mL perfusate
was removed and 0.5 mL phenol red-containing KRB was
added.

The KRB was prepared as follows. NaCl (7.80 g), KCI (0.35 g),
NaHCO; (1.37 g), NaH,PO, (0.32 g), MgCl, (0.02 g), and glucose
(1.4 g) were dissolved in 900 mL water to afford solution I, and
CacCl, (0.37 g) was dissolved in 100 mL water to afford solution
II. Solution II was gently poured into solution I with stirring,
and no precipitate was obtained. In addition, 20 ug mL ™" of
phenol red was added to the KRB to correct the volume of the
perfusate.

4.7 Transport of K3R across the BBB in vitro

4.7.1 Quantitative analysis of K3R in transport solution.
For the BBB transport experiments, bEnd.3 cells were placed in
2 x 10° cells per mL cell suspensions, and 0.5 mL was inocu-
lated into 12-well transwell culture chambers. 1.5 mL fresh
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culture medium was added to the outer chamber, and the cells
were then placed into a 37 °C, 5% CO, incubator. The culture
medium in each well was replaced once every two days after the
inoculation of the cells.

The BBB model was evaluated by fluorescein sodium
permeability and TEER assays. The culture medium was
removed from the bEnd.3 cell monolayers and washed twice
with HBSS solution (pH 7.4, 37 °C). For inner chamber to outer
chamber transport, 0.5 mL fluorescein sodium solution (2 pg
mL ") was added to the inner chamber, and 1.5 mL HBSS blank
solution was added to the outer chamber. 0.2 mL samples were
removed from the outer chamber at 60, 90, 120, 150, 180, and
240 min, respectively, and the same volume of HBSS solution
was added. The fluorescence intensities of the fluorescein
sodium samples were tested at E,/E,, = 460 nm/520 nm using
a fluorescence spectrophotometer, and the P,,, was calculated
according to the fluorescein sodium standard curve. The TEER
of the monolayer cells was measured daily from the fifth day of
bEnd.3 cell inoculation; TEER > 200 Q cm™? (ref. 22) was used
for the determination of fluorescein sodium across the BBB.

4.7.2 Transport of K3R across the BBB. The culture
medium was removed from the bEnd.3 cell monolayers and
washed twice with HBSS solution (pH 7.4, 37 °C). For inner
chamber to outer chamber transport, 0.5 mL K3R solution (100,
200, or 300 uM, respectively) was added to the inner chamber,
and 1.5 mL HBSS blank solution was added to the outer
chamber. The culture plates were placed in an air bath in the
dark (37 °C, 50 rpm), and 0.2 mL of solution was sampled from
the BL at 10, 30, 60, 90, 120, 150, 180 and 240 min, respectively.
The same volume of blank HBSS solution was added after each
sample was removed.

4.8 Protective effects of K3R on rotenone-induced PC12 cell
damage

The PC12 cell injury model was established by treatment with 1
uM rotenone for 24 h. The protective effects of K3R on rotenone-
induced PC12 cell injury were determined by analyzing the cell
survival, LDH release, intracellular ROS and mitochondrial
membrane potential data after preincubation of PC12 cells with
different concentrations of K3R for 4 h followed by incubation
with 1 uM of rotenone for 24 hours. Cells treated with serum-
free RPMI 1640 culture medium served as a control.

The cell survival was analyzed by the SRB method. Cell
damage was evaluated by the release of LDH into the culture
medium®® according to the LDH kit instructions. The ROS assay
was performed with a flow cytometer by adding DCFH-DA (10
uM) and incubating at 37 °C for 20 min in the dark.*” The ratio
of mitochondrial depolarization was measured by the ratio of
red and green fluorescence caused by the binding of lipophilic
fluorochrome JC-1 to the cells after the cell suspension was
incubated with JC-1 at 37 °C for 20 min in the dark.*”*®

4.9 Statistical analysis

All values are expressed as mean =+ SD. Statistical differences (p
< 0.05) were tested using one-way ANOVA with Bonferroni's
multiple comparison test.

This journal is © The Royal Society of Chemistry 2017
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5. Conclusions

Kaempferol and its glycoside derivatives have a wide range of
physiological and pharmacological activities. In vitro Caco-2
monolayer experiments and in situ intestinal perfusion
studies indicate that the intestinal absorption of K3R occurs by
passive diffusion with first-order kinetics without specific
absorption sites in the intestine. The BBB transport of K3R was
evaluated by a bEnd.3 monolayer model, and the results showed
that K3R has good transmembrane capacity. K3R protects nerve
cells by preventing the decrease of mitochondrial membrane
potential and inhibiting the production of ROS, thereby
increasing the survival rate of cells with rotenone-induced PC12
injury and reducing the LDH permeability. In conclusion, the
abovementioned findings suggest that K3R can be used to treat
CNS disease in vivo due to its relatively good gastrointestinal
absorption and BBB-crossing ability; the results also provide
a scientific basis for the entry of K3R into brain tissue.
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