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H I G H L I G H T S

� Low-frequency vibration (LFV) of 50 Hz at 1000–1500 mVpp over 5 days promotes glucose uptake in 3T3-L1 adipocytes.
� LFV does not promote insulin-mediated GLUT4 translocation but AMPK-mediated GLUT4 translocation into the plasma membrane.
� LFV has the potential to activate mechanosensors, which promote AMPK-mediated GLUT4 translocation and glucose uptake.
� AMPK-mediated glucose uptake induced by LFV in adipocytes may potentially improve insulin resistance in diabetes mellitus.
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A B S T R A C T

Delayed healing of diabetic foot ulcers (DFUs) is one of the major consequences of angiopathy caused by hy-
perglycemia stemming from insulin resistance. Interventions that improve blood supply and hyperglycemia are
essential for treating DFUs. Low-frequency vibration (LFV) promotes peripheral blood flow and wound healing in
DFUs, regardless of hyperglycemia. We hypothesized that LFV promotes non-insulin-mediated glucose uptake,
which is also referred to as AMPK-mediated glucose uptake, in adipocytes at wound sites, thereby alleviating
hyperglycemia, which, in turn, accelerates wound healing. The objective of this in vitro study was to identify LFVs
that optimally promote glucose uptake in adipocytes and investigate the mechanism underlying enhanced glucose
uptake caused by LFV. 3T3-L1 adipocytes were used in this study. LFV was applied at 50 Hz for 40 min/d to
investigate the most effective vibration intensity (0–2000 mVpp) and duration (0–7 d) of glucose uptake. We
comparatively assessed 2-deoxyglucose (2-DG) uptake in control and vibration groups. To elucidated the mech-
anism underlying 2-DG uptake induced by LFV, wortmannin and compound C were used to inhibit insulin-
mediated GLUT4 translocation and AMPK activation, respectively. Additionally, GLUT4 translocation to the
plasma membrane was assessed using immunofluorescence image analysis. Our results indicated that 2-DG uptake
in the 1000 and 1500 mVpp groups was higher than that in the control group (p ¼ 0.0372 and 0.0018,
respectively). At 1000 mVpp, 2-DG uptake in the 5- and 7-d groups was higher than that in the non-vibration
group (p ¼ 0.0169 and 0.0452, respectively). Although wortmannin did not inhibit 2-DG uptake, compound C
did. GLUT4 translocation to the plasma membrane was not observed in the vibration group adipocytes treated
with compound C. Thus, our results indicated that an LFV of 50 Hz, 1000 mVpp, 40 min/d, over 5 d was optimal
for accelerating AMPK-mediated GLUT4 translocation and glucose uptake in adipocytes.
1. Introduction

Diabetic foot ulcers (DFUs) are hard-to-heal wounds that may result
in lower extremity amputations and deaths because of infection [1]. As
the global prevalence of DFUs rises, finding effective treatments for DFUs
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has become imperative. Improving hypoglycemia and insulin resistance
for underlying diabetes mellitus are crucial in treating DFUs [2, 3].
Additionally, interventions that improve the blood supply and promote
blood flow to lower extremities are essential for treating DFUs [4].
Conventional methods that promote blood flow [5, 6, 7] are invasive and
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carry the risk of infection. Furthermore, some patients are not eligible for
surgery. Therefore, we focused on low-frequency vibration (LFV) ther-
apy, which is a non-invasive method that promotes blood flow. Gener-
ally, LFV accelerates regional blood flow via vasodilation by producing
nitric oxide (NO) [8, 9] and causes wound healing in pressure injuries
[10, 11]. Hyperglycemia inhibits NO production by both blocking
endothelial NO synthase activation and promoting dysfunctional argi-
nine production via the polyol pathway [2], however, LFV promotes
wound healing of DFUs [12]. Thus, we hypothesized that LFV improves
local insulin resistance at wound sites by increasing glucose uptake.
LFV-mediated improvement of local insulin resistance can inhibit the
polyol pathway, which in turn promotes arginine production. As arginine
is a substrate of NO synthase, increased arginine production stimulates
NO synthesis, which then promotes blood flow via vasodilation, thereby
accelerating the healing of wounds associated with DFUs.

The glucose transporter, GLUT4, is a major regulator of blood glucose
levels. GLUT4 translocation to the plasma membrane is categorized into
two types: insulin-mediated translocation and AMP-activated protein
kinase (AMPK)-mediated translocation [13]. Reportedly, whole-body
vibration has been used to induce AMPK-mediated GLUT4 trans-
location in skeletal muscles [14]. However, DFUs may occur around
metatarsals and heels, where muscles are scarce or atrophied due to
peripheral neuropathy. Therefore, in this study, we focused on glucose
uptake in adipocytes. Previous studies have indicated that the AMPK
activator, AICAR, accelerates GLUT4 translocation in adipocytes [15].
Thus, we hypothesized that LFV may promote AMPK-mediated GLUT4
translocation in adipocytes.

The purpose of this study was to explore optimal vibratory conditions,
including vibration intensity and the duration, required to promote
glucose uptake in adipocytes. Furthermore, we aimed to reveal the
mechanisms underlying the promotion of glucose uptake in adipocytes
by LFV via inhibition of the insulin signal pathway and AMPK activation.

2. Materials and methods

2.1. Reagents

Insulin (human, recombinant), dexamethasone, 2-deoxyglucose (2-
DG), and wortmannin were purchased from FUJIFILM Wako Pure Chem-
ical Corporation (Osaka, Japan). The details of the other critical reagents
are as follows: dorsomorphin (compound C) fromAbcam (Cambridge, UK);
oil red O from Cosmo Bio (Tokyo, Japan); primary antibodies against
GLUT4 (rabbit, polyclonal, #NBP1-49533) from Novus Biologicals (Lit-
tleton, CO); and fluorescent antibody Alexa Fluor® 488 (donkey, poly-
clonal, #711-545-152) from Jackson ImmunoResearch (West Grove, PA).
Details regarding reagents have been placed in the supplemental materials.

2.2. Cell culture

3T3-L1 cells were obtained from the Japanese Collection of Research
Resources Cell Bank (Osaka, Japan). 3T3-L1 cells were seeded in a six-
well culture plate at a density of 3 � 104 cells/mL and cultured in
DMEM with low glucose supplemented with 10% (v/v) heat-inactivated
FBS and 5% (v/v) penicillin-streptomycin solution until confluence was
reached (day 0). Post-confluence, cells were cultured for 3 d in DMEM
with low glucose containing 10% FBS, 10 μg/mL insulin, 1 μM dexa-
methasone, and 0.5 mM 3-isobutyl-l-methylxanthine. Thereafter, the
cells were cultured in DMEM with low glucose containing 10% FBS and
10 μg/mL insulin. Three days later (day 6), cells were cultured in DMEM
with high glucose containing 10% FBS for 2 d 3T3-L1 adipocytes that
were 8–14 d past initial differentiation were used for the experiments.

2.3. Vibration profiles and experimental set-up

A previously developed vibrator was used to apply vibrations [8, 9,
11]. While using this vibrator, changes in the intensity of vibration were
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achieved by changing the voltage of the power supply. The vibrator was
mounted on a triaxially mobile manipulator. The six-well plate was
placed on the oscillator and rubber foam mat and fixed with bands. Vi-
bration was applied to the cells in the incubator at 37 �C, and vibration
could be transmitted as mechanical stimuli to the cells in the medium
through six-well plate.

Vibration intensities of 600, 800, 1000, 1500, and 2000 mVpp were
applied to 3T3-L1 adipocytes at a fixed frequency of 50 Hz for 40 min/
d for 7 d starting from day 8, in order to verify whether vibration induces
the promotion of glucose uptake in adipocytes at day 14, as well as to
determine the specific vibration intensity needed to promote such
glucose uptake. Next, vibration was applied at 50 Hz as well as at the
most effective vibration intensity, for 40 min/d to investigate the dura-
tion of the most effective vibration required. 3T3-L1 adipocytes that were
14 d past initial differentiation but not subjected to vibration treatment
were used as the control group.
2.4. 2-DG uptake test

A 2-DGUptakeMeasurement Kit (Cosmo Bio) was used to perform the
2-DG uptake test on 3T3-L1 adipocytes at day 14 in the treatment and
control groups. The 3T3-L1 adipocytes were pre-incubated at 37 �C in
serum-free DMEM with high glucose for 6 h. After pre-incubation, cells
were incubated for 30 min with 2 mL of Krebs-Ringer phosphate-HEPES
buffer (KRPH; 50 mM HEPES, pH 7.4, 137 mM NaCl, 4.8 mM KCl, 1.85
mM CaCl2, and 1.3 mM MgSO4) containing 2% bovine serum albumin
(BSA). Next, insulin (1 μM)was added to the KRPH buffer, and the cells in
both groups were incubated for 20 min, following which both vibration
and insulin treatments were simultaneously applied to the vibration
group. In contrast, the control group only received insulin treatment.
Cells subjected to insulin treatment were used as a positive control, and
we investigated the effect of LFV on 2-DG uptake in the presence and
absence of insulin in adipocytes. Following insulin treatment, 1 mM 2-DG
was applied and cells were incubated for 20 min. Next, cells were washed
thrice with cold phosphate-buffered saline (PBS). Washed cells were
lysed using 1 mL Tris/HCl buffer (10 mM, pH 8.0). Cell lysate was
collected in a tube and heated to 80 �C for 15 min. Subsequently, the
preparation was centrifuged at 15,000 � g for 20 min at 4 �C, then the
supernatant was transferred to a new tube. 2-DG uptake was quantified
via a linear plot of luminescence signal vs. concentration of authentic 2-
DG6P (μmol/well).

Insulin-mediated GLUT4 translocation and AMPK activation in-
hibitors were used to verify whether vibration increases 2-DG uptake via
insulin-mediated glucose uptake or AMPK-mediated glucose uptake. In
order to inhibit glucose uptake signal pathways, 3T3-L1 adipocytes were
pre-incubated with either 100 nM wortmannin (an insulin-mediated
glucose uptake inhibitor) for 30 min or 20 μM compound C (an AMPK
activation inhibitor) for 16 h, before vibration treatment, and same
treatments were performed in the non-vibration group to investigate the
effectiveness of those compound in the non-vibration group. DMSO was
used as vehicle control (final concentration was 0.1%). The amount of 2-
DG6P incorporated into cells was determined using the 2-DG Uptake
Measurement Kit and 2-DG uptake was quantified.
2.5. Adipogenesis assay using oil red O staining

Oil red O staining, which is used to determine adipocyte differenti-
ation, stains the lipid droplets within cells, whereupon the amount of
extracted dye is measured in order to determine the volume of accu-
mulated lipid. Treated adipocytes were fixed in 10% formalin, following
which intracellular lipid droplets were stained using oil red O solution
(Cosmo Bio). Following microscopic observation using an inverted mi-
croscope (BZ-X710, Keyence, Osaka, Japan), the absorbance of dye
extraction at 540 nm was measured using a spectrophotometer (Spec-
traMax iD3, Molecular Devices, San Jose, CA). Staining and the dye
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extraction assay were conducted according to the manufacturer's
instructions.

2.6. Lactate dehydrogenase (LDH) cytotoxicity assay

The LDH cytotoxicity assay provides a colorimetric format for
measuring and monitoring cell cytotoxicity. After treating adipocytes at
day 14 with wortmannin or compound C, an LDH assay was performed
using a CytoSelect™ LDH Cytotoxicity Assay Kit from Cell Biolabs, Inc.
(San Diego, CA), following the manufacturer's instructions. After
applying the reagent, the plate was incubated at 37 �C for 0.5 h and OD
was measured at 450 nm as the primary wavelength. LDH activity
released in the non-vibration and each group treated with inhibitors was
expressed as a percent of the maximum LDH released in lysed nontreated
cells (% cytotoxicity).

2.7. Immunofluorescence of GLUT4

3T3L-L1 adipocytes in the non-vibration and vibration groups were
fixed with 10% formalin for 30 min. Subsequently, formalin was
removed and cells were washed thrice with PBS for 5 min. To block
nonspecific antibody binding, cells were incubated in 1% BSA/PBS for 30
min at room temperature. Cells were incubated overnight with GLUT4
antibodies (1:100) at 4 �C. After removing the primary antibodies, cells
were washed with PBS 6 times for 5 min and incubated with secondary
antibody Alexa Fluor® 488 (1: 1000) at room temperature for 1 h and
visualized under a fluorescence microscope (BZ-X710).

2.8. Immunofluorescence image analysis

Fluorescence intensity measurements of the obtained fluorescence
micrographs were performed using ImageJ software ver. 1.53i (National
Institutes Health, Bethesda, MD); [16]. The captured image was sepa-
rated into RGB channels, and the immunofluorescent staining intensity of
GLUT4 was measured in the green channel. We measured the intensity of
Figure 1. Oil red O staining in each group: Control (A, a), 600 mVpp (B, b), 800 mVp
μm. (G) Dye extraction assay results of each group following oil red O staining. (H
compared to the control without insulin treatment; yp < 0.01 compared to the cont
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green fluorescence (GLUT4) in whole cells, as well as inside the cells and
nuclei, and calculated the intensity of green fluorescence in the plasma
membranes from whole cells and within cells, as well as the intensity of
green fluorescence in cell cytoplasm and nuclei. Finally, we measured the
intensity of the plasma membrane to cytoplasm GLUT4 immunofluores-
cence ratio. Ten cells were analyzed per condition.

2.9. Statistical analyses

Data are presented as means � standard errors of the means. The
differences between vibration groups were analyzed using Dunnett's
multiple comparison tests, where the non-vibration group that was not
treated with insulin was considered the control group. Statistical signif-
icance was set at p < 0.05. All statistical analyses were performed using
JMP® 15 (SAS Institute Inc., Cary, NC).

3. Results

3.1. Uptake of 2-DG by 3T3-L1 adipocytes is promoted by LFV and the
most effective vibration intensity and duration is revealed

We assessed adipogenesis using oil red O staining (Figure 1A–F and
a–f) and extracted the oil red O dye. There were no significant differences
between groups (Figure 1G). Our investigation of the promotion of 2-DG
uptake in adipocytes by LFV revealed that 1000 and 1500 mVpp groups
significantly promoted 2-DG uptake (p ¼ 0.0372 and 0.0018, respec-
tively) (Figure 1H). However, vibrations at 2000 mVpp did not promote
2-DG uptake. Accordingly, we concluded that the vibration intensity that
induces 2-DG uptake in adipocytes most effectively lay between
1000–1500 mVpp.

Next, we attempted to determine the vibration duration that most
effectively promotes glucose uptake. Vibration at 50 Hz and 1000 mVpp
was applied for 40 min/d to 3T3-L1 adipocytes from day 8 to day 14
d past initial differentiation in all subsequent experiments. There was no
difference in adipogenesis between groups (Figure 2A–E, a–e, and F).
p (C, c), 1000 mVpp (D, d), 1500 mVpp (E, e), 2000 mVpp (F, f). Scale bar ¼ 50
) 2-DG uptake in each group in the presence or absence of insulin. *p < 0.05
rol with insulin treatment; error bars represent standard error.



Figure 2. Oil red O staining for each duration: Control, 0-day group (A, a), 1-day group (B, b), 3-day group (C, c), 5-day group (D, d), 7-day group (E, e). Scale bar ¼
50 μm. (F) Dye extraction assay results following oil red O staining. (G) 2-DG uptake in each group in the presence or absence of insulin. *p < .05 compared to the
control without insulin; error bars represent standard error.
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Evidently, 2-DG uptakes of the 1-d and 3-d groups were similar to that of
the control group, whereas those of the 5- and 7-d groups were higher
than that of the control group (p ¼ 0.0169 and 0.0452, respectively).
Thus, LFV at 50 Hz, 1000 mVpp, 40 min/d, over 5 d appeared to be
4

optimal for promoting glucose uptake in 3T3-L1 adipocytes. Further-
more, we evaluated the synergistic effect of LFV and insulin on glucose
uptake in adipocytes, and we found that LFV and insulin did not exert a
synergistic effect.
Figure 3. (A) 2-DG uptake in non-vibration
and vibration groups treated with wortman-
nin. *p < 0.01 compared to the non-
vibration without insulin; yp < 0.01
compared to the non-vibration with wort-
mannin. (B) 2-DG uptake in both non-
vibration and vibration groups treated with
compound C. *p < 0.05 compared to the
non-vibration without insulin; yp < 0.01
compared to the non-vibration with com-
pound C. Error bars represent standard error.
(C–D) Relative LDH assay value in both non-
vibration and vibration groups treated with
wortmannin (C) or compound C (D),
respectively. There were no significant dif-
ferences between the non-vibration and vi-
bration groups, regardless of either
wortmannin of compound C treatment.



Figure 4. Immunofluorescence staining of
GLUT4 under the following conditions: no-
treatment (A); treated with insulin (B),
wortmannin (C), and compound C (D) in the
non-vibration group; vibration applied (E);
and treated with insulin (F), wortmannin
(G), and compound C (H) in the vibration
group. (I) Intensity of the plasma membrane
to cytoplasm GLUT4 immunofluorescence
ratio. *p < 0.01 compared to the non-
vibration; yp < 0.01 compared to the non-
vibration with wortmannin; error bars
represent standard error.
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3.2. Wortmannin does not inhibit the 2-DG uptake; however, compound C
inhibits the 2-DG uptake by LFV in 3T3-L1 adipocytes

We examined glucose uptake using inhibitors to elucidate the
mechanism of glucose uptake by LFV. Wortmannin decreased 2-DG up-
take in the non-vibration group regardless of insulin (Figure 3A).
Furthermore, 2-DG uptake was decreased in the vibration group treated
with both wortmannin and insulin, whereas 2-DG uptake was promoted
in the vibration group treated with wortmannin alone compared to the
non-vibration group treated with wortmannin (p < 0.0001). Addition-
ally, no significant differences were observed between the LDH activities
of the non-vibration and vibration groups, regardless of wortmannin.

The results of the experiment pertaining to the effect of compound C
on 2-DG uptake showed that 2-DG uptake in the vibration group without
insulin and compound C was higher than that in the non-vibration group
(p ¼ 0.0248; Figure 4B). Although compound C inhibited 2-DG uptake in
the vibration group without insulin, there were no significant differences
between 2-DG uptakes of the non-vibration and vibration groups. The
results of the LDH assay indicated that there were no significant differ-
ences between the LDH activities of the non-vibration group and each
vibration group, regardless of compound C (Figure 3C, D).

3.3. Immunofluorescence image analysis indicates that LFV promotes
GLUT4 translocation

We investigated the promotion of GLUT4 translocation by LFV using
immunofluorescence image analysis. Images indicating the intracellular
localization of GLUT4 corresponding to each treatment in the vibration
groups and the non-vibration are shown (Figure 4). Immunofluorescence
staining of GLUT4 was observed in the whole cytoplasm of the non-
vibration group (Figure 4A), whereas immunofluorescence of GLUT4
5

due to insulin was mainly observed at the plasma membrane (Figure 4B).
When treated with wortmannin and compound C, GLUT4 was observed
minimally at the plasmamembrane andmostly in the cytoplasm (Figure 4C
and D). GLUT4 was observed in the plasma membrane of the vibration
group treated with insulin (Figure 4E and F). In the vibration group,
GLUT4, which was observed in the plasma membrane when treated with
wortmannin (Figure 4G), was mainly observed in the cytoplasm when
treated with compound C (Figure 4H). Moreover, the intensity of plasma
membrane to cytoplasm GLUT4 immunofluorescence ratio of the adipo-
cytes was measured for each condition and compared to the non-vibration
group (Figure 4I). The intensity of the GLUT4 immunofluorescence ratio in
both groups treatedwith insulin was greater than that in the non-vibration
groupwith no insulin treatment (p< 0.0001 and 0.0001 respectively), and
the intensity of GLUT4 immunofluorescence ratio in the vibration group
without insulin was greater than that in the non-vibration group (p <

0.0001). The intensity of GLUT4 immunofluorescence ratio in the vibra-
tion group treated with wortmannin was greater than that in the non-
vibration group (p < 0.0061), but there was no difference between the
vibration group treated with compound C and the non-vibration group.
4. Discussion

To the best of our knowledge, this is the first study to demonstrate the
effect of LFV on AMPK-mediated glucose uptake in 3T3-L1 adipocytes.
The results revealed that a LFV of 50 Hz at an intensity of 1000–1500
mVpp over 5 d was most effective at changing the adipocytes and pro-
moting glucose uptake without changing the number of adipocytes or
their maturation stage. Additionally, the results suggested that short,
repeated exposures to LFV over several days were more effective than a
single exposure.
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In adipocytes, insulin-mediated GLUT4 translocation is accelerated by
insulin secreted via the pancreas through the PI3-kinase pathway [17].
AMPK-mediated GLUT4 translocation is promoted by muscle contraction
via a transient increase in intracellular calcium concentration or an in-
crease in the AMP/ATP ratio [18]. Therefore, we investigated whether
LFV increased 2-DG uptake via insulin-mediated or AMPK-mediated
glucose uptake by observing intracellular location of GLUT4 using
immunofluorescence. Wortmannin, an insulin-mediated glucose uptake
(PI3K-Akt signal pathway) inhibitor [19], did not inhibit 2-DG uptake in
the vibration group. However, compound C, a potent and highly selective
inhibitor of AMPK activation [20], inhibited 2-DG uptake in the vibration
group. Next, we investigated the intracellular location of GLUT4. A pre-
vious study has demonstrated that analysis of immunofluorescence im-
ages provides quantitative results which is equivalent to that of western
blotting [21]. As indicated by immunofluorescence staining, the presence
of GLUT4 was intense at the plasma membrane of the vibration group
regardless of insulin treatment, indicating that LFV promoted GLUT4
translocation into the plasma membrane. Additionally, the presence of
GLUT4 at the plasma membrane of the vibration group treated with
compound C was minimal and there was no difference between the in-
tensities of GLUT4 immunofluorescence ratios of the non-vibration and
vibration groups treated with compound C. These results showed that
compound C inhibited GLUT4 translocation in the vibration group, indi-
cating that LFV promotes AMPK-mediated GLUT4 translocation.

Recently, it was reported that cells contain mechanosensors that
perceive mechanical stimuli, such as vibration stimuli. Adipocytes
convert mechanical stimuli, such as vibration stimuli, into physiological
and pathological responses and gene expression via a process known as
mechanotransduction [22]. This study indicated that LFV had the po-
tential to activate mechanosensors, which promote AMPK-mediated
GLUT4 translocation and glucose uptake. However, we were only able
to demonstrate AMPK-mediated glucose uptake via an inhibition exper-
iment using compound C and did not clarify the mechanisms and signal
pathway associated with AMPK activation by LFV in adipocytes. Further
studies are warranted to elucidate the signaling process related to AMPK
activation by LFV in adipocytes.

Although we surmised that LFV and insulin together would be more
effective in improving glucose uptake, the synergistic effect of LFV and
insulin on glucose uptake was not elucidated in this study. DFU patients
exhibit insulin resistance, whereby insulin-mediated glucose uptake does
not work [2]. Thus, AMPK-mediated glucose uptake induced by LFV in
adipocytes may potentially improve insulin resistance in DFU patients.
Previous studies have reported that LFV at 600mVpp for 10min promotes
local blood flow, through NO production and vasodilation [8, 9, 11].
However, this study found that a vibration intensity of 1000 mVpp
applied over 5 d was required to promote glucose uptake. As the vibration
conditions required for vasodilation and glucose uptake in adipocytes are
different, this study suggested a new innovative approach that may cor-
rect hyperglycemia by increasing glucose uptake via the application of
LFV at the wound site and also facilitate vasodilation by changing vi-
bration conditions. This approachmay promote the peripheral blood flow
which is required to improve local insulin resistance and wound healing.
Thus, further research is needed to investigate the relationship between
glucose uptake and wound healing by LFV in animal diabetic models.

In conclusion, LFV at 50Hz, 1000mVpp, 40min/d, over 5 d accelerated
glucose uptake in 3T3-L1 adipocytes, and LFV promoted AMPK-mediated
glucose uptake via an inhibition experiment using compound C. This
study suggests that LFV has the potential to promote DFUs healing by pro-
moting peripheral blood flow associated with improving hyperglycemia.

Declarations

Author contribution statement

Daijiro Haba, Gojiro Nakagami, Takeo Minematsu: Conceived and
designed the experiments; Performed the experiments; Analyzed and
6

interpreted the data; Contributed reagents, materials, analysis tools or
data; Wrote the paper.

Hiromi Sanada: Conceived and designed the experiments; Analyzed
and interpreted the data; Contributed reagents, materials, analysis tools
or data; Wrote the paper.

Funding statement

This work was supported by the JSPS KAKENHI (Grant No.
20H04010).

Data availability statement

Data will be made available on request.

Declaration of interests statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

References

[1] R.J. Hinchliffe, R.O. Forsythe, J. Apelqvist, E.J. Boyko, R. Fitridge, J.P. Hong,
K. Katsanos, J.L. Mills, S. Nikol, J. Reekers, M. Venermo, R.E. Zierler, N.C. Schaper,
Guidelines on diagnosis, prognosis, and management of peripheral artery disease in
patients with foot ulcers and diabetes (IWGDF 2019 update), Diabetes. Metab. Res.
Rev. 36 (2020) 1–12.

[2] A. Alavi, R.G. Sibbald, D. Mayer, L. Goodman, M. Botros, D.G. Armstrong, K. Woo,
T. Boeni, E.A. Ayello, R.S. Kirsner, Diabetic foot ulcers: Part I. Pathophysiology and
prevention, J. Am. Acad. Dermatol. 70 (2014), 1.e1-1.e18.

[3] R. Hasan, B. Firwana, T. Elraiyah, J.P. Domecq, G. Prutsky, M. Nabhan, L.J. Prokop,
P. Henke, A. Tsapas, V.M. Montori, M.H. Murad, A systematic review and meta-
analysis of glycemic control for the prevention of diabetic foot syndrome, J. Vasc.
Surg. 63 (2016) 22S–28S, e2.

[4] D.G. Armstrong, A.J.M. Boulton, S.A. Bus, Diabetic foot ulcers and their recurrence,
N. Engl. J. Med. 376 (2017) 2367–2375.

[5] C. Balakrishnan, T.P. Rak, M.S. Meininger, Burns of the neuropathic foot following
use of therapeutic footbaths, Burns 21 (1995) 622–623.

[6] B. Gonul, T. Soylemesoglu, L. Yanicoglu, G. Guvendika, Effects of epidermal growth
factor on serum zinc and plasma prostaglandin E2 levels of mice with pressure
sores, Prostaglandins 45 (1993) 153–157.

[7] J.L. Mills, M.S. Conte, D.G. Armstrong, F.B. Pomposelli, A. Schanzer, A.N. Sidawy,
G. Andros, The society for vascular surgery lower extremity threatened limb
classification system: risk stratification based on Wound, Ischemia, and foot
Infection (WIfI), J. Vasc. Surg. 59 (2014) 220–234, e2.

[8] G. Nakagami, H. Sanada, N. Matsui, A. Kitagawa, H. Yokogawa, N. Sekiya,
S. Ichioka, J. Sugama, M. Shibata, Effect of vibration on skin blood flow in an in
vivo microcirculatory model, Biosci. Trends. 1 (2007) 161–166.

[9] S. Ichioka, H. Yokogawa, G. Nakagami, N. Sekiya, H. Sanada, In vivo analysis of skin
microcirculation and the mole of nitric oxide during vibration, Ostomy/Wound
Manag. 57 (2011) 40–47.

[10] M. Arashi, J. Sugama, H. Sanada, C. Konya, M. Okuwa, G. Nakagami, A. Inoue,
K. Tabata, Vibration therapy accelerates healing of Stage I pressure ulcers in older
adult patients, Adv. Skin Wound Care 23 (2010) 321–327.

[11] Y. Sari, H. Sanada, T. Minematsu, G. Nakagami, T. Nagase, L. Huang, H. Noguchi,
T. Mori, K. Yoshimura, J. Sugama, Vibration inhibits deterioration in rat deep-tissue
injury through HIF1-MMP axis, Wound Repair Regen. 23 (2015) 386–393.

[12] H.G. Mahran, O.F. Helal, A.A.-R. El-Fiky, Effect of mechanical vibration therapy on
healing of foot ulcer in diabetic polyneuropathy patients, J. Am. Sci. 9 (2013)
76–87.

[13] S. Huang, M.P. Czech, The GLUT4 glucose transporter, Cell Metabol. 5 (2007)
237–252.

[14] Z. Ren, Q. Lan, Y. Chen, Y.W.J. Chan, G.B. Mahady, S.M.Y. Lee, Low-magnitude
high-frequency vibration decreases body weight gain and increases muscle strength
by enhancing the p38 and ampk pathways in db/db mice, Diabetes, Metab.
Syndrome Obes. Targets Ther. 13 (2020) 979–989.

[15] S. Yamaguchi, H. Katahira, S. Ozawa, Y. Nakamichi, T. Tanaka, T. Shimoyama,
K. Takahashi, K. Yoshimoto, M.O. Imaizumi, S. Nagamatsu, H. Ishida, Activators of
AMP-activated protein kinase enhance GLUT4 translocation and its glucose
transport activity in 3T3-L1 adipocytes, Am. J. Physiol. Endocrinol. Metab. 289 (4)
(2005) E643–E649.

[16] W.S. Rasband, ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
2011. https://imagej.nih.gov/ij/.

[17] R.T. Watson, J.E. Pessin, Intracellular organization of insulin signaling and GLUT4
translocation, Recent Prog. Horm. Res. 56 (2001) 175–193.

http://refhub.elsevier.com/S2405-8440(21)02000-4/sref1
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref1
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref1
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref1
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref1
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref1
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref2
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref2
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref2
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref3
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref3
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref3
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref3
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref3
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref4
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref4
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref4
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref5
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref5
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref5
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref6
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref6
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref6
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref6
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref7
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref7
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref7
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref7
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref7
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref8
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref8
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref8
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref8
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref9
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref9
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref9
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref9
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref10
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref10
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref10
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref10
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref11
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref11
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref11
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref11
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref12
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref12
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref12
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref12
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref13
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref13
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref13
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref14
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref14
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref14
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref14
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref14
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref15
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref15
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref15
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref15
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref15
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref15
https://imagej.nih.gov/ij/
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref17
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref17
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref17


D. Haba et al. Heliyon 7 (2021) e07897
[18] C.A. Witczak, C.G. Sharoff, L.J. Goodyear, AMP-activated protein kinase in skeletal
muscle: from structure and localization to its role as a master regulator of cellular
metabolism, Cell. Mol. Life Sci. 65 (2008) 3737–3755.

[19] J.F. Clarke, P.W. Young, K. Yonezawa, M. Kasuga, G.D. Holman, Inhibition of the
translocation of GLUT1 and GLUT4 in 3T3-L1 cells by the phosphatidylinositol 3-
kinase inhibitor, wortmannin, Biochem. J. 300 (1994) 631–635.

[20] Y. Gao, Y. Zhou, A. Xu, D. Wu, Effects of an AMP-activated protein kinase inhibitor,
compound C, on adipogenic differentiation of 3T3-L1 cells, Biol. Pharm. Bull. 31
(2008) 1716–1722.
7

[21] H. Bradley, C.S. Shaw, P.L. Worthington, S.O. Shepherd, M. Cocks,
A.J.M. Wagenmakers, Quantitative immunofluorescence microscopy of subcellular
GLUT4 distribution in human skeletal muscle: effects of endurance and sprint
interval training, Phys. Rep. 2 (2014) 1–16.

[22] N. Shoham, A. Gefen, Mechanotransduction in adipocytes, J. Biomech. 45 (2012)
1–8.

http://refhub.elsevier.com/S2405-8440(21)02000-4/sref18
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref18
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref18
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref18
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref19
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref19
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref19
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref19
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref20
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref20
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref20
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref20
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref21
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref21
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref21
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref21
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref21
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref22
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref22
http://refhub.elsevier.com/S2405-8440(21)02000-4/sref22

	Low-frequency vibration promotes AMPK-mediated glucose uptake in 3T3-L1 adipocytes
	1. Introduction
	2. Materials and methods
	2.1. Reagents
	2.2. Cell culture
	2.3. Vibration profiles and experimental set-up
	2.4. 2-DG uptake test
	2.5. Adipogenesis assay using oil red O staining
	2.6. Lactate dehydrogenase (LDH) cytotoxicity assay
	2.7. Immunofluorescence of GLUT4
	2.8. Immunofluorescence image analysis
	2.9. Statistical analyses

	3. Results
	3.1. Uptake of 2-DG by 3T3-L1 adipocytes is promoted by LFV and the most effective vibration intensity and duration is revealed
	3.2. Wortmannin does not inhibit the 2-DG uptake; however, compound C inhibits the 2-DG uptake by LFV in 3T3-L1 adipocytes
	3.3. Immunofluorescence image analysis indicates that LFV promotes GLUT4 translocation

	4. Discussion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


