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Conclusion

This study demonstrated that delivering ATF through the skin is feasible and it could effectively reduce ROS.
This study demonstrated that transdermal delivery of alpha-tocopherol is feasible and effectively reduces reactive

oxygen species.

¢ Alpha-tocopherol (ATF) reduces reactive oxidative stress (ROS) in IMS-32 cells.
* ATF-liposomes effectively reduce ROS in IMS-32 cells.

« Ultrasound irradiation does not alter the antioxidant effect of ATF.

« Ultrasound enhances the transdermal delivery of molecules with liposomes.
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Alpha-Tocopherol-Loaded Liposomes Reduce High
Glucose Induced Oxidative Stress in Schwann Cells:
A Proof of Concept Study
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Although oxidative stress is the main pathophysiology of the development of diabetic neuropathy, oral administration of antioxi-
dants has given disappointing results. Here, we hypothesized that local delivery of antioxidants would provide protective effects
on Schwann cells due to the high concentration of local lesions. We prepared alpha-tocopherol (ATF)-loaded liposomes and test-
ed their skin penetration after sonication. An in vitro study using IMS-32 cells was conducted to determine the level of reactive
oxygen species (ROS) scavenging effects of ATF-liposomes. ATF reduced ROS in high-glucose-exposed IMS-32 cells in a dose-
dependent manner. ATF-liposomes also reduced the ROS level in vitro and ultrasound irradiation enhanced delivery to the der-
mis in porcine ear skin. This study showed that it is feasible to deliver ATF through the skin and can effectively reduce ROS. This

model is worthy of development for clinical use.
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INTRODUCTION

Diabetic peripheral neuropathy (DPN) is a common microvas-
cular complication with a prevalence that has been reported up
to 50% in subjects with diabetes [1,2]. Both neurons and
Schwann cells are vulnerable to hyperglycemia, and oxidative
stress is the key pathophysiology of hyperglycemia-induced tis-
sue damage [3]. Various antioxidant therapies have been intro-
duced and studied extensively for the treatment of DPN [4].
Amongst these, alpha lipoic-acid treatment displayed beneficial
effects by reducing pain associated with DPN [5]. However,

symptom relief was observed generally after intravenous infusion
[6], but not after oral treatment [7]. The oral administration of
another antioxidant, mixed tocotrienols, naturally occurring sub-
types of vitamin E, also failed to improve neuropathic symptoms
in subjects with painful DPN [8]. These results suggest high-dose
exposure to antioxidants in peripheral nervous tissue is impor-
tant and there is a need for a novel drug delivery system aimed at
enhancing the tissue concentration of antioxidants.
Alpha-tocopherol (ATF) is the most active and effective
form of vitamin E, and we chose ATF from among various an-
tioxidants because it can be easily formulated in liposome
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form. ATF is widely distributed in nature and used clinically as
an antioxidant. The antioxidant properties of ATF lie in its
ability to scavenge free radicals generated and ultimately dis-
rupt free radical chain reactions [9]. However, because ATF
has low solubility and is easily oxidized, its effectiveness in
clinical application is low. To improve solubility and increase
delivery efficiency to the disease lesion, we attempted to deliver
ATF by encapsulating it in liposomes. Liposome-based drug
delivery systems have potential for significant roles in a variety
of therapeutic applications. Liposomes composed of lipid bi-
layers have the advantages of being biocompatible, biodegrad-
able, nontoxic, and capable of encapsulating both hydrophilic
and hydrophobic drugs. Drugs encapsulated in liposomes are
reliably protected from physiological events [10]. In addition,
ultrasound treatment has been proposed as a noninvasive
method to increase the efficiency of drug delivery. Ultrasound
therapy can improve the penetration of drugs into tissues
through a temporary cavitation phenomenon and concentrate
drug delivery on the specific area irradiated by ultrasound
while minimizing off-target side effects.

In this study, we tested whether ATE a major isoform of vi-
tamin E, reduced reactive oxygen species (ROS) in a Schwann
cell (IMS-32) line. Additionally, we developed a procedure to
enhance the transdermal delivery of ATF using a liposome-in-
corporating formula under ultrasound irradiation.

METHODS

Preparation of ATF-liposomes
Pig ears used in the study were obtained from deceased ani-
mals, and approval from the Institutional Animal Care and Use
Committee was not required.
1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), N-
(carbonyl-methoxy polyethylene glycol-2000)-1,2-distearoyl-
sn-glycero-3-phosphoethanolamine, and sodium salt (DSPE-
mPEG 2000), and 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) were purchased from Lipoid AG (Steinhausen,
Switzerland). ATF-loaded liposomes were synthesized with mod-
ifications referred to previously [11]. We dissolved 2 mg of DSPC,
3.5 mg of DSPE-mPEG 2000, 1.7 mg of cholesterol, 12.8 mg of
DOPE, and 2 mg of ATF in 4.4 mL of ethanol at 70°C, at a lipid
concentration of 5 mg/mL. The lipid solution was mixed with
250 mM ammonium sulfate solution at 60°C, and the lipid con-
centration was 2 mg/mL. The mixture was stirred for 1 hour to
hydrate the lipid bilayers. Liposomes were reduced in size and
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homogenized by serial extrusion cycles with polycarbonate fil-
ters using a high-pressure extruder (LIPEX, Evonik, BC, Cana-
da). The extrusion process involved passing the mixture through
polycarbonate filters in the high-pressure extruder, with the
pore size gradually decreasing from 0.8 to 0.4 um and finally to
a pore size of 0.2 pm. This process was repeated until the size of
the produced liposomes reached 100 to 200 nm.

Fluorescent labeling of liposomes

Fluorescent labeling (FL)-liposomes were prepared using
1,1"-dioctadecyl-3,3,3",3"-tetramethylindocarbocyanine per-
chlorate (Dil; Thermo Fisher Scientific, Franklin, MA, USA)
and were used to detect the liposomes by fluorescence analysis.
We dissolved 2 mg of DSPC, 3.5 mg of DSPE-mPEG 2000, 1.7
mg of cholesterol, 12.8 mg of DOPE, and 20 ug of Dil fluores-
cent dye together in chloroform instead of ethanol. Then, the
steps of mixing with ammonium sulfate solution, hydrating
the lipid bilayers, and homogenizing using a high-pressure ex-
truder were performed in the same manner as described
above. Subsequently, purification was conducted using pre-
packed disposable 10 mL (PD-10) gel filtration columns to re-
move the unloaded fluorescent dye.

Penetration assay

Ears of pigs were used as a human skin surrogate for penetra-
tion testing in this study. Pig ears were purchased from a local
butcher. After washing the ears with running water, they were
washed with 1x phosphate-buffered saline (PBS) and incubated
for 1 hour at 37°C. Areas of 1.0 cm” were marked on the por-
cine ear skin and treated with 25 L of fluorescent-tagged ATEF-
liposomes followed by ultrasound (1, 2, or 3 W/cm’ of intensity,
1 MHz, 100 Hz of pulse repetition frequency for 5 minutes; So-
noplus 190, Enraf-Nonius B.V., Rotterdam, Netherlands). We
designed the ultrasonic parameters based on the study of Levy
etal. [12] and optimized the ultrasonic parameters by changing
the ultrasonic intensity conditions. After incubating for 4 hours
at 37°C and washing with 1 xPBS, punch biopsies were embed-
ded in optimal cutting temperature and immediately frozen
with liquid N. After cryosection, fluorescence labeling was ob-
served using a fluorescence microscope (Axio Observer 7, Zeiss,
Oberkochen, Germany). Fluorescence intensity was quantified
using Image] software (National Institutes of Health, Bethesda,
MD, USA). Other experimental methods are described in Sup-
plementary Methods.
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Fig. 1. Effect of alpha-tocopherol (ATF) and ATF-liposomes in high glucose induced reactive oxidative stress (ROS) production.
(A) Intracellular ROS levels measured by 2’-7’-dichlorofluorescein diacetate (DCF-DA) in IMS32 cells. (B) Nuclear factor ery-
throid 2-related factor 2 (NRF2), and (C) NAD(P)H quinone oxidoreductase 1 (NQO1) protein expression in IMS32 cells. (D) II-
lustration of ATF-loaded liposome (Li). (E) Intracellular ROS levels measured by DCF-DA with or without ultrasound (ULS) ir-
radiation in IMS32 cells. *P<0.05, °P<0.01, °P<0.001 vs. ATF 0 uM and glucose 5.6 mM group; ‘P<0.05, °P<0.01, ‘P<0.001 vs.

ATF 0 uM and glucose 50 mM group.

RESULTS

Both ATF and ATF-liposomes reduce high glucose induced
ROS in IMS32 cells

ROS generation monitored by 2’-7’-dichlorofluorescein diace-
tate (DCF-DA) was increased significantly after high glucose
exposure. This was attenuated in a dose-dependent manner by
ATF treatment (Fig. 1A). Nuclear factor erythroid 2-related
factor 2 (Nrf2) is a transcription factor that regulates genes re-
lated to antioxidants [13]. NRF2 and nicotinamide adenine di-
nucleotide phosphate (NADPH) quinone oxidoreductase 1
(NQOT1) protein, a target of NRF2, were decreased by high glu-
cose, but increased in cells treated with ATF (Fig. 1B and C),
indicating that ATF treatment inhibits the cellular oxidative
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stress response. Fig. 1D presents the structure of the ATF-lipo-
some, showing that ATF is incorporated into the hydrophobic
bilayer. This configuration imparts hydrophobic properties to
its outer surface. When we examined ROS production in re-
sponse to varying glucose concentrations and the presence of
ATF or ATF-liposomes, with or without ultrasound irradiation,
we consistently observed a reduction in ROS levels irrespective
of the ATF formulation or ultrasound irradiation (Fig. 1E).

Ultrasound irradiation facilitates the infiltration of
FL-liposomes into the dermis

We tested the efficacy of the ultrasound-mediated drug deliv-
ery system using porcine skin experiments (Fig. 2A). The read-
out was the quantity of fluorescent material present in the der-
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Fig. 2. Ultrasound-induced liposome penetration. (A) Experimental design using porcine skin. (B) Visualization of dermal pene-
tration of liposome. Scale represents: 50 pm (a—e) and 10 um (f-j). (C) Quantification of dermal penetration of liposome with or
without ultrasound irradiation. FL, fluorescent labeling; ULS, ultrasound. *P<0.01, ®P<0.001 vs. FL-liposome- and ULS 3W

group; °P<0.05, “P<0.01 vs. FL-liposome+ and ULS- group.

mis (Fig. 2B and C). We successfully facilitated the penetration
of FL-liposomes into the dermis and confirmed their superior
efficacy at 2 W or higher.

DISCUSSION

In this in vitro study, exposure to high glucose concentrations
induced elevated levels of ROS in Schwann cells. ATF de-
creased ROS levels dose-dependently in hyperglycemic condi-
tions. We then tested specially designed ATF-loaded liposomes
and the antioxidative effect of ATF remained uncompromised.
Furthermore, the application of ultrasound did not alter the ef-
fect of ATE Rather, ultrasound irradiation enhanced liposome
transmission to the dermis.

To date, there has been no disease-modifying treatment of
DPN other than risk factor management [5]. Aldose reductase
converts glucose into sorbitol, leading to elevated levels of oxi-
dative stress accompanied by a decrease in cytosolic NADPH
[14]. Against this background, aldose reductase inhibitors have
been developed as a therapy for DPN. Despite the effectiveness
of this class of drug in animal models, these inhibitors exhibit-
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ed disappointing results in humans [15,16]. Aldose reductase
inhibitors improved nerve conduction velocity (NCV), but
DPN symptoms were not improved compared with placebo.
Some possible explanations for these unexpected results in-
clude the following. First, the phenotype of rodent models is
not well matched with human DPN [17]. Second, the improve-
ment of NCV does not ensure recovery of small fiber neuropa-
thy or nonneuronal cells, which can be primarily associated
with pain sensation [18]. Thus, it is essential to develop a new
treatment for DPN considering these limitations. Therefore,
we tested the effect of ATF-liposomes using a Schwann cell in
vitro model rather than a rodent animal model. Because
Schwann cells can contribute to DPN pathology [19], we can
test the molecular function efficiently through this in vitro
study. Additionally, we used porcine skin to demonstrate the
effects of ultrasound-irradiation-induced penetration because
of its structural similarity to human skin [20]. We reasoned
that this step-by-step approach could contribute to the suc-
cessful development of a novel treatment modality for patients
with DPN.

In this study, we showed that both ATF and ATF-liposomes

Diabetes Metab ] 2025;49:507-512  https://e-dmj.org
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effectively decreased ROS production, and that ultrasound ir-
radiation enhanced the tissue filtration of FL-liposomes. The
next step involves applying this treatment in human DPN sub-
jects, bypassing the need for other rodent models. This is a huge
advantage as it eliminates the need for unnecessary animal
studies. However, we address our study limitations as follows.
First, we could not measure tissue concentrations of ATF in
porcine dermis. Therefore, we were unable to confirm the ap-
propriate concentration of ATF for the recovery of nerve dam-
age. We conceptually speculated that the tissue concentration
might be higher to some degree than the distributed amount
after oral ingestion. Second, we did not perform any functional
study to test nerve function, and did not evaluate damaged
cells, which may create a gap between the observed decrease in
ROS production and its direct effect on cell protection. In the
upcoming clinical trial, data on the parameters for small fiber
nerves such as density and length should be collected [21]. Fur-
thermore, targeting ROS alone might not be sufficient to over-
come the underlying pathogenic mechanism of neuropathy,
given the influence of other factors such as chronic inflamma-
tion, osmotic pressure, and altered intracellular signaling [22].
Lastly, we used porcine skin instead of human skin because
porcine skin is widely used in ex vivo studies due to its similari-
ty to human skin in terms of histology and physiology. Future
studies applying this method to human skin are necessary.

We demonstrated that ATF alone and when incorporated
into liposomes can reduce ROS production in a hyperglyce-
mia-induced neuropathy model. Ultrasound enhanced the ef-
ficacy of liposomal drug delivery without compromising origi-
nal antioxidative property of ATE This proof of concept study
suggests that liposome-incorporated antioxidants can be de-
veloped as a disease-modifying treatment for DPN. Based on
the model developed in this study, we anticipate that other an-
tioxidants, such as coenzyme Q10, N-acetylcysteine, and al-
pha-lipoic acid, can also be tested.

SUPPLEMENTARY MATERIALS

Supplementary materials related to this article can be found
online at https://doi.org/10.4093/dm].2024.0489.
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SUPPLEMENTARY METHODS

Cell culture

IMS32 mouse Schwann cells were cultured in Dulbecco’s
Modified Eagle Medium (Gibco, Thermo Fisher Scientific,
Franklin, MA, USA) containing 10% fetal calf serum (FCS;
Gibco), 1% penicillin/streptomycin and 5.6 mM glucose at
37°C in a humidified atmosphere containing 5% CO.. The day
before each experiment, IMS32 cells were seeded into 96-well
plates at a density of 2x 10* cells/well and 6-well plates at a den-
sity of 3.5x10° cells/well. Cells were incubated with 1% FCS-
containing medium for 24 hours, followed by incubation with
5.6 mM glucose (normal) or 50 mM glucose (high) with or
without alpha-tocopherol (ATF; Sigma-Aldrich, Merck, MA,
USA). To apply ultrasound to the cells, the cells were treated
with ATF-liposomes followed by ultrasound (1.5 W/cm” of in-
tensity, 1 MHz, 100 Hz of pulse repetition frequency for 1 min-
ute; Sonoplus 190, Enraf-Nonius B.V., Rotterdam, Nether-
lands).

Measurement of cellular reactive oxidative stress level

Reagent 2,7-dichlorofluorescein diacetate (DCFDA) is a meth-
od that can measure intracellular reactive oxygen species (ROS).
It measures ROS by measuring the fluorescent signal that is
transformed when ROS is generated within the cell. Cells were
washed with 1 x phosphate-buffered saline (PBS) and incubated
with DCF-DA (Sigma-Aldrich) at 37°C for 30 minutes. Cells
were washed again with 1xPBS. Fluorescence intensity was mea-
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sured using a fluorescence spectrometer (SpectraMax iD3, Mo-
lecular Devices, San Jose, CA, USA) (Aex, 485 nm; Aem, 530 nm).

Western blot

Cells were lysed in lysis bufter (10 mmol/L Tris-hydrochloride
[HCI], pH 7.4, 100 mmol/L sodium chloride [NaCl], 5 mmol/L
ethylenediaminetetraacetic acid [EDTA], 10% glycerol, and 1%
NP-40 containing a mixture of protease inhibitors). Forty mi-
crograms of protein were separated on a sodium dodecyl sul-
fate polyacrylamide gel and then transferred to a nitrocellulose
membrane. The membranes were incubated with primary an-
tibodies and then incubated with the secondary antibodies
conjugated with anti-mouse or anti-rabbit immunoglobulin
G-horseradish peroxidases. Protein detection was performed
using the enhanced chemiluminescence (ECL) system (Ther-
mo Fisher Scientific). The nuclear factor erythroid 2-related
factor 2 (NRF2) and NAD(P)H quinone oxidoreductase 1
(NQOL1) antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, TX, USA). The anti-actin antibody was
purchased from Sigma-Aldrich. Horseradish peroxidase-cou-
pled anti-rabbit and anti-mouse antibodies were obtained
from Santa Cruz Biotechnology.

Statistical analysis

Parameters were analyzed using GraphPad Prism version. 5.02
(GraphPad Software, San Diego, CA, USA). Comparison of
the two groups was evaluated by Mann-Whitney U test. P val-
ues <0.05 were considered significant.



