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ABSTRACT

Aims: The interplay between hyper-glycemia and -lipidemia in diabetes mellitus (DM) is important in simulating
diabetic conditions. However, cell culture media typically contain supraphysiological levels of glucose to sti-
mulate cellular growth, which also desensitizes cells to elevated glucose levels. Moreover, creating hyperlipi-
demic conditions in vitro requires specialized carriers because unbound lipids form micelles when introduced to
liquid media. This study sought to develop a novel method for simulating DM conditions in vitro.

Materials and methods: We acclimated the C,C;», mouse myoblasts to culture medium with 5.6 mM glucose,
which mimics physiological levels, and created a bovine serum albumin-palmitic acid conjugate for lipid
transport to explore the effects of hyperlipidemia. We simulated diabetic conditions in vitro by using both hy-
per—glycemic and -lipidemic conditions and compared the results to that of only hyperglycemic or hyperlipi-
demic conditions.

Key findings: Acclimated cells exposed to these hyper-glycemic (15mM glucose) and/or -lipidemic (0.25 mM
palmitate) conditions for 2 h showed increased mitochondrial fragmentation and membrane potential as well as
elevated reactive oxygen species production compared to control cells. These findings suggest altered mi-
tochondrial morphology and function, which have been confirmed using isolated rat flexor digitorum brevis
myofibers. Hyper-glycemic and/or -lipidemic stimulations for 24 h significantly increased mitogen-activated
protein kinase kinase MEK 1/2 protein expression, upregulated the early pro-apoptotic transcription factor C/
EBP homologous protein (CHOP), and induced apoptosis.

Significance: Our results further support and confirm the utility of this method which will allow for subsequent
investigations studying the effects of hyper-glycemia and/or -lipidemia in vitro.

1. Introduction

Diabetes mellitus (DM) is a global health issue with an estimated
422 million people diagnosed with diabetes worldwide, and this
number is expected to continue increasing [1]. The American Diabetes
Association defines normoglycemia as a fasting plasma glucose < 5.6
mM, and DM = 6.5 mM [2]. Patients with DM also tend to present with
lipoprotein abnormalities including, but not limited to, hyperlipidemia
[3,4]. Consideration should thus be given to both glycemic and lipo-
protein metabolic complications when designing experiments aimed at
understanding the pathophysiology of DM.

Investigators utilizing in vivo animal models to examine the me-
chanisms of DM typically increase lipid concentrations in the chow
and/or employ special rodent strains (e.g. Lep®®°® or Zucker Fatty rats)

that easily develop hyper-glycemia and -lipidemia [5-7]. Although
these methods are important for advancing our understanding of DM,
animal studies have significant limitations, including cost, experiment
duration, and inter-individual variability. In vitro studies can generally
be performed with a fraction of the time and cost, but they also face
obstacles of their own. For instance, supraphysiological levels of glu-
cose without lipids are the baseline in typical cellular media. In parti-
cular, Dulbecco's Modified Eagle Medium (DMEM) has a concentration
of 25 mM glucose, a 400% increase from normal physiology, to promote
and accelerate cellular growth. Although the very high concentration is
effective in accelerating growth rates, the cells also become desensi-
tized to any additional glucose, as is evident in documented metrics of
insulin production from pancreatic B cells and/or the decrease in in-
sulin-stimulated protein kinase B activation of adipocytes exposed to
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large amounts of glucose in vitro [8,9]. This limitation is especially
important for studies that focus on the slight increases in glucose con-
centration indicative of diabetes. In studying DM, it would be far more
useful to be able to acclimate various types of cells to a physiological
concentration of glucose.

The interplay between hyper-glycemia and -lipidemia in DM is also
important in simulating diabetic conditions. Treating cells with fatty
acids in liquid media is a challenge since hydrophobic fatty acids form
into micelles, which prevent them from being transported into the cells.
In nature, albumins, a class of globular proteins found in blood serum,
serve to transport a range of hydrophobic molecules, including fatty
acids, hormones, and bilirubin [10]. Bovine serum albumin (BSA), a
staple in many laboratories, is able to transport palmitic acid both in
vitro and in vivo and has been identified as an ideal vehicle for trans-
porting fatty acids into cells [11,12].

Based on the problems associated with DM investigations in vitro,
this study sought to develop a novel method for simulating DM con-
ditions in vitro. Since skeletal muscle is a major insulin-responsive organ
critical for maintaining glucose levels within the body [13,14], we first
selected to study C,C;», mouse myoblasts. Once the myoblasts were
acclimated to a physiological level of glucose (5.6 mM) in DMEM, they
were introduced to high glucose (HG), high fat (HF), or both high
glucose and high fat (HGHF) conditions in order to fully simulate DM
conditions. We then assessed for mitochondrial morphology and func-
tion and levels of oxidative stress, which are purported to be associated
with the pathogenesis of DM and its complications [15-17]. Next, we
used our new method to conduct additional studies with isolated rat
myofibers from the flexor digitorum brevis (FDB). Finally, we examined
the chronic effects of HG and/or HF on stress signaling pathways and
apoptotic cell death. In conjunction, these studies were designed to
better understand the effects of hyper-glycemia and -lipidemia - both
separately and in combination - as occurs in DM, on mitochondrial
morphology and function, reactive oxygen species (ROS) production,
stress signaling pathways, and cell injury in both a cell and tissue
model.

2. Materials and methods
2.1. BSA-conjugated palmitate protocol

This BAS-conjugated palmitate protocol was adapted from the
Agilent Seahorse (https://www.agilent.com/cs/library/usermanuals/
public/XF _Palmitate_ BSA_Substrate_Quickstart_Guide.pdf, last accessed
on August 27, 2018), with alterations to meet our purposes. BSA is a
complex protein that contains six main binding sites for long-chain fatty
acids as well as numerous weak tertiary binding sites [18]. To maximize
transport into cells, we used a 6:1 palmitic acid to BSA ratio. BSA (final
concentration of 0.17 mM; Fisher Bioreagents, Cat. No. BP9703100)
was added to 5.6 mM low glucose (LG) DMEM (LG DMEM, Thermo-
Fisher Scientific, Cat. No. 11885-084), incubated at 37 °C, and con-
tinuously stirred until dissolution. Half of the LG DMEM solution con-
taining BSA was diluted at a 1:1 ratio with fresh LG DMEM and the final
pH was adjusted to 7.4 prior to sterilization by filtering through a
Corning® 250 mL Filter Unit. Concurrently, 2.5mM of palmitic acid
(Sigma-Aldrich, Cat. No. P0O500) was added to a different flask con-
taining fresh LG DMEM and stirred continuously at 70 °C. Upon dis-
solution, the palmitic acid solution was added in 5 mL increments to the
remaining BSA solution at a 2:5 dilution with gentle stirring. After in-
cubating this solution at 37 °C with gentle stirring for 1h, LG DMEM
was added to increase the total volume to be equal to that of the BSA
stock solution. The pH was then adjusted to 7.4 and the solution was
filtered for sterility: the end result was the BSA-Conjugated Palmitate
Solution. The final concentration of the BSA-conjugated palmitate so-
lution was 0.17 mM BSA conjugated with 1 mM palmitate.
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2.2. C5C;2 cell culture

C,C;> mouse myoblasts (ATCC® CRL-1772™) were initially cultured
in 25mM high glucose (HG) DMEM supplemented with 10% Fetal
Bovine Serum (FBS), 100 units/mL penicillin, and 100 pg/mL strepto-
mycin. To acclimate cells to physiological levels of glucose, the HG
DMEM was replaced with 5.6 mM low glucose (LG) DMEM and cells
were allowed to grow undisturbed for several weeks until they reached
a stable growth rate. All cells were cultured at 37 °C with 5% CO, in a
humidified incubator and passaged every 2-3 days to maintain a con-
fluency below 60% and prevent differentiation.

2.3. Rat flexor digitorum brevis myofibers isolation

All procedures involving animals were approved by Uniformed
Services University of the Health Sciences Institutional Animal Care and
Use Committee. Sprague Dawley rats (Charles River, Germantown, MD)
aged 20-24 weeks were euthanized using isoflurane. The FDB muscles
from both feet were harvested, dissected of visible connective tissue
without mechanically disrupting the myofibers, and incubated in LG
DMEM containing 3 mg/mL collagenase and 1 mg/mL dispase at 37 °C
in a 5% CO, humidified incubator for ~2-3h. After digestion, the
muscles were removed from the LG DMEM with collagenase and dis-
pase and placed in a new dish with only LG DMEM. Fiber bundles were
then gently triturated by using glass pipettes and separated into in-
dividual fibers that were isolated into a third dish containing only LG
DMEM. From this third dish, aliquots of isolated myofibers were
transferred to dishes containing LG DMEM supplemented with 0.2%
BSA and 0.1% gentamicin (w/v) and allowed to recover at 37 °C in a 5%
CO, humidified incubator. All myofibers were harvested and isolated
on the day of the experiments.

2.4. Quantification of cell growth rates

Cells were counted automatically with a Bio-Rad TC20 Cell Counter
(Hercules, CA) and verified manually under a Nikon Eclipse Ti-E light
microscope operated by NIS-Elements Viewer (Nikon, Tokyo, Japan) at
room temperature. The means of each day were then used for final
evaluation.

2.5. High-glucose and/or high-fat cell treatment

C,Cy, cells were plated on petri dishes with cover glass at a con-
fluence of ~40%. p-glucose was dissolved in PBS at a concentration
2.5M and sterilized by filtration. For HG treatment, 4uL of 2.5M
glucose stock solution was added per 1 mL medium. High fat (HF)
treatment was performed by mixing 1 mM BSA-conjugated palmitate
stock solution with LG DMEM at a ratio of 1:4. HGHF treatment com-
bined the two treatments, treating with fats followed by glucose. The
final culture concentrations were 0.25mM palmitate and/or 15 mM
glucose. This treatment has been previously used by us and others to
mimic DM hyper-glycemia and -lipidemia in cultured cells [19-21].
C,C;, cells or FDB myofibers treated with BSA stock solution (HF
control) and PBS (HG control) were used as vehicle controls. Our pre-
liminary results show that BSA solution, PBS, or BSA and PBS combined
treatment did not alter mitochondrial function or cell viability.

2.6. Determination of mitochondrial morphology, function and ROS
production

C,C;5 cells and rat FDB myofibers were stained with the following
fluorescent dyes (ThermoFisher Scientific, Waltham, MA): 1) 100 nM of
MitoTracker™ Red CMXRos (Cat. No. M7512) was used to assess mi-
tochondrial morphology; 2) as a surrogate of mitochondrial function,
mitochondrial membrane potential (AWm) was determined using
100 nM tetramethylrhodamine, ethyl ester (TMRE) (Cat. No. T669); 3)
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ROS, primarily superoxide anion (O, ) were determined by mon-
itoring the oxidation of 5uM dihydroethidium (DHE) (Cat. No.
D23107) as described previously [22]. For ROS measurements in rat
FDB myofibers, 5-6 nuclei were manually circled in each fiber and
mean value of the DHE fluorescence intensity was used as the re-
presentative data of this fiber. A total of 20 fibers was quantified in each
treatment.

2.7. Fluorescent microscopy

All imaging was performed at room temperature with a Nikon
Eclipse Ti-E light microscope operated by NIS-Elements Viewer soft-
ware (Nikon, Tokyo, Japan). Excitation/emission wavelengths were as
follows: MitoTracker™ Red (579/599), TMRE (555/579), DHE (500/
588). Fluorescent imaging for mitochondrial morphology was achieved
using a 20 X objective, whereas A¥m and ROS imaging occurred with a
10 x objective. All images were captured with the same exposure time
and digital gain in each experiment, and further modified and analyzed
utilizing ImageJ software (NIH, Bethesda, MD).

2.8. Caspase 3/7 and Annexin V assays

Caspase 3/7 activities were measured by CellEvent™ Caspase-3/7
Green detection reagent (Invitrogen, MA), per manufacture's instruc-
tion. Dead cells were detected by using an Annexin V Alexa Fluor® 488
apoptosis kit (Invitrogen, MA), as we reported previously [23].

2.9. Western blotting

A total of 10 ug of protein from cell lysate was loaded to gels and
separated by SDS-PAGE gel electrophoresis. Western blotting was per-
formed with the primary antibodies against CHOP and MEK 1/2.
GAPDH was used as a loading control. Secondary antibodies were
horseradish peroxidase-conjugated anti-mouse or anti-rabbit anti-
bodies. All the antibodies were purchased from Cell Signaling
Technology (Danvers, MA). The bands were visualized with Western
ECL Blotting Substrates (Bio-Rad, CA) and images were acquired using
a Bio-Rad ChemiDoc MP Imaging System. Western blot densitometry
analysis was performed using ImageJ software (NIH, MD).

2.10. Statistical analysis

All experiments were repeated at least three times independently.
Values are means + SD. Mean group differences were determined by
using t-test (2 groups) or ANOVA (> 2 groups), with values of p < 0.05
being considered statistically significant.

3. Results
3.1. Acclimation of C2C; cells to physiological levels of glucose

Growth rates were initially diminished in C,Ci, cells after the
medium was changed from HG DMEM to LG DMEM (data not shown).
After a two-month acclimation period C»Ci, cells cultured in either LG
DMEM or HG DMEM appeared similar. Both appeared typical of mouse
myoblasts, which suggests no significant cellular alterations following
acclimation to LG DMEM. Cell growth rates over a three-day period
were also similar, although there was greater variability among overall
cell numbers in LG DMEM cells (Fig. 1A & B).

3.2. HG and/or HF treatment induces mitochondrial fragmentation in
C2C1 2 cells

Fig. 2A demonstrates visualization of the mitochondrial network as
an index of mitochondrial fitness [15]. Control cells acclimated to
physiological levels of glucose (LG) had thin, moderately long, tubular
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Fig. 1. Acclimation of C,Cy» cells to physiological levels of glucose. A, re-
presentative bright light microscope images of C,C;, mouse myoblasts grown in
either “normal” DMEM containing 25mM glucose (HG DMEM), or DMEM
containing physiological levels of glucose (5.6 mM glucose, LG DMEM). Both
cell types are visually similar and are representative of typical mouse myo-
blasts, suggesting no significant cellular alterations following acclimation to LG
DMEM. B, cells were counted in order to evaluate overall growth rates after
acclimation to LG DMEM. Cell growth, determined over a three-day period, was
similar, although there was greater variability between cell numbers in LG
DMEM cells.

mitochondria arranged in a coherent network, with small amounts of
disjointed mitochondria in the periphery of the cell. In comparison, HG
cells showed shorter, punctate mitochondria with a moderately intact
mitochondrial network. The mitochondrial mass of HF and HGHF cells
showed increased fragmentation relative to control cells, coupled with a
pronounced globular shape, no coherent network, and increased mi-
tochondrial isolation. The percentages of cells containing short/frag-
mented mitochondria in HG were significantly higher than in control
cells, but lower than in HF or HGHF cells (Fig. 2B).

3.3. HG and/or HF increases A¥Ym in C,C;5 cells

To assess mitochondrial function, we stained C,C;, cells with
TMRE, a positively-charged fluorescent dye that accumulates within the
mitochondrial matrix dependent upon AWm. HG treated cells showed a
moderate but significant increase in AWm compared to control cells
(Fig. 3A & B). The increases in AWm in HF and HGHF treated cells were
larger and more robust than that in HG cells (Fig. 3A & B).

3.4. HG and/or HF elevates ROS levels in C,Cy, cells

Increased production of ROS, which may cause an imbalance in the
redox state, is recognized as a major cause of the clinical complications
associated with diabetes and obesity [15,24]. We measured cellular
ROS levels by the increased ethidium fluorescence from the oxidation of
DHE in C,C;, cells treated with HG, HF, or HGHF. As depicted in
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Fig. 2. Comparison of effects of HG, HF and HGHF on mitochondrial mor-
phology in C,Ci» cells. A, representative fluorescent microscopy images of
C,Cy5 cells labeled with MitoTracker™ Red. These cells were maintained in
medium containing 5.6 mM glucose and treated for 2h with 15mM glucose
(HG), 0.25mM palmitate (HF), or combination of high glucose and high fat
(HGHF); control were the cells treated with PBS and BSA solution. B, quanti-
fication of the percentages of cells with tubular or short/fragmented mi-
tochondria. 300-400 cells were counted in each treatment. **p < 0.01 vs.
control, *#p < 0.01 vs. HG.
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Fig. 4A & B, HG treatment significantly increased ROS production,
consistent with our previous findings [19,22,25]. Similar to the mi-
tochondrial morphology and membrane potential data (Figs. 2 and 3),
HF and HGHF -induced ROS production were significantly higher than
in HG cells (Fig. 4A & B).

3.5. HGHEF induces mitochondrial deformation, increases membrane
potential and ROS production in rat FDB myofibers

Mice and rats are the two most common species used in diabetes
research; they both develop DM in a way that resembles the patho-
physiology in humans [5,26]. Due to a larger FDB muscle size in rats
than in mice, it is relatively easy to harvest a large amount of high-
quality rat myofibers. To confirm the results obtained from experiments
with C,C;, myoblasts, we isolated rat FDB myofibers and subjected
them to the HGHF treatment described above. Mitochondria in control
fibers were organized, distinct bands evenly distributed throughout the
fibers (Fig. 5A). In contrast, mitochondria in HGHF treated fibers were
disorganized and more irregular, which suggests altered mitochondrial
morphology (Fig. 5A). As with C;C;, myoblasts, A¥m and ROS pro-
duction were significantly higher in the HGHF treated fibers compared
to control fibers (Fig. 5B-D).

3.6. HG and/or HF activates stress signaling pathways and induces
apoptosis in C,C;, cells

We finally examined the chronic effects (24 h treatment) of HG and/
or HF on intracellular stress signaling pathways and apoptotic cell
death in C,C;5 cells. HG, HF, or HGHF treatments all significantly in-
creased MAP kinase MEK 1/2 protein expression (Fig. 6A & B). The C/
EBP homologous protein (CHOP), an early pro-apoptotic transcription
factor, was also upregulated in cells treated with HF or HGHF (Fig. 6A &
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Fig. 3. Comparison of effects of HG, HF and HGHF on mitochondrial membrane
potential (Ay,,) in C,Cy5 cells. A, representative fluorescent microscopy images
of C,C; 5 cells stained with TMRE, a Aym fluorescent indicator. These cells were
maintained in medium containing 5.6 mM glucose and treated for 2h with
15 mM glucose (HG), 0.25 mM palmitate (HF), or combination of high glucose
and high fat (HGHF); control were the cells treated with PBS and BSA solution.
B, quantification of TMRE fluorescence intensity. 40 cells were randomly se-
lected in each treatment for quantification, and experiments were performed
three times, independently. **p < 0.01 vs. control, **p < 0.01 vs. HG.

B). Consistent with these results, HG, HF, and HGHF treatments for 24 h
induced caspase 3/7 activation and apoptosis in C,C; cells (Fig. 6C &
D). The numbers of apoptotic cells were significantly higher in com-
bined HG and HF treatment than those treated with HG or HF alone
(Fig. 6D).

4. Discussion

Hyper-glycemia and -lipidemia are hallmark features of DM
[15,17]. The primary difficulties in replicating those conditions in vitro
relate to the makeup of standard media: in particular, supraphysiolo-
gical levels of glucose, which lead to cellular desensitization, and the
absence of a lipid transporter. This study was undertaken to address
these concerns in order to more accurately mimic DM conditions in
vitro. Our results indicate that this can be accomplished through two
sequential steps: (1) transfer of C,C;» myoblasts from HG DMEM,
containing 25 mM glucose, to a modified DMEM, containing 5.6 mM
physiological glucose concentration, followed by a two-month accli-
mation period; and (2) creation of a BSA-lipid conjugate that allows for
effective addition of lipids to the medium and subsequent transport to
cells. Establishing this novel in vitro method has allowed us to perform
various experiments aimed at studying the effects of energy surplus
indicative of DM on mitochondrial morphology and function, and ROS
production.

A proposed mechanism for the progression of DM in vivo is that
cycles of hyper-glycemia and -lipidemia lead to mitochondrial damage
and increased ROS production, which together reduce the cell's capa-
city to respond to an energy surplus [15,16,27]. Diabetes is known to be



J. Dohl et al.

HG

control

600+
—_ #t ##
c =]
400 ‘|’ , T
°
>
@
200
O
X

0

control HG HF HGHF

Fig. 4. Comparison of effects of HG, HF and HGHF on reactive oxygen species
(ROS) levels in C,C;5 cells. A, representative fluorescent microscopy images of
C5C, 5 cells labeled with the ROS indicator DHE. These cells were maintained in
medium containing 5.6 mM glucose and treated for 2h with 15mM glucose
(HG), 0.25mM palmitate (HF), or combination of high glucose and high fat
(HGHF); control were the cells treated with PBS and BSA solution. B, cellular
ROS levels were quantified by measuring DHE fluorescence intensity. 40 cells
were randomly selected in each treatment. **p < 0.01 vs. control, **p < 0.01
vs. HG.

A control

Life Sciences 211 (2018) 238-244

associated with generalized mitochondrial dysfunction: mitochondrial
deformation and small, fragmented mitochondria have been reported in
obese and diabetic patients [15,28,29], animal models [30-32], and
cultured cells [19,22,32]. Imbalances in fission and fusion rates can
result in increased mitochondrial fragmentation, a known precursor to
cytochrome C release and eventual apoptosis [33]. In addition, in-
creased ROS production, recognized as a major cause of the clinical
complications associated with obesity and diabetes [15], has also been
shown to increase strain on mitochondria and contribute to mi-
tochondrial dysfunction. Our results indicate that those pathophysio-
logical mechanisms can be created in vitro in either myoblasts or adult
myofibers. Supplying excess energy in the form of glucose and saturated
fatty acids via our novel method resulted in mitochondrial fragmenta-
tion along with increases in the mitochondrial membrane potential and
ROS production.

In addition to mitochondrial impairment and ROS overproduction,
DM has been shown to activate intracellular stress signaling pathways
and cause apoptotic cell injuries [15,25,34]. In this study, we found
that hyper-glycemic and/or -lipidemic stimulation increased protein
expression of MEK 1/2 and induced apoptosis in C,C;5 myoblasts. MEK
1/2 phosphorylates and activates the extracellular signal-regulated
kinases (ERK 1/2), and MEK-ERK signals regulate various cellular
processes such as survival and apoptosis [35]. We previously reported
that ERK 1/2 phosphorylates the mitochondrial fission protein dynamin
related protein 1 (Drpl) and induces the activation of mitochondrial
fission and ROS production [36]. Therefore, MEK-ERK signals activated
by hyper-glycemia and/or -lipidemia, result in mitochondrial frag-
mentation and ROS production acutely but cell injury over the long-
term. Our results suggest that similar mechanisms are induced in cul-
tured myoblasts through the application of our hyper-glycemic and/or
-lipidemic stimulations in vitro: MEK-ERK signals are upregulated 24 h
after the treatments, along with a corresponding increase in CHOP
expression, caspase 3/7 activation, and apoptotic cell death.

In vitro studies currently utilize either primary or immortalized cell
lines. We used an immortalized C,C;, cell line and worked with its
undifferentiated myoblast form. However, our method of simulating
DM conditions by using glucose and BSA-conjugated palmitate can be
applied to either primary or immortalized cell lines, both before and
after differentiation. Primary cells are generally more biologically re-
levant for simulating in vivo conditions; but they are expensive, often

Fig. 5. HGHF induces mitochondrial deformation, in-

creases mitochondrial membrane potential and ROS pro-

duction in rat skeletal muscle fibers. A, representative
% fluorescent microscopy images of rat FDB myofibers la-
beled with MitoTracker™ Red: mitochondria in control fi-
bers appear in distinct bands evenly distributed throughout
the fiber while HGHF treated fibers are disorganized and
more irregular. B, mitochondrial membrane potential
(AWm) was quantified by TMRE fluorescence intensity:
AWm was significantly increased in HGHF fibers. 40 fibers
were randomly selected in each treatment and experiments

control

C D
control HGHF

H GIHF were repeated three times, independently. *p < 0.01 vs.
control. C, DHE was oxidized by ROS and localized within
the nuclei of the fibers, creating multiple areas of fluores-
cence in each fiber; HGHF fibers had consistently higher

e DHE fluorescence in each of their nuclei compared to those

of control fibers. D, quantification of ROS levels in fibers
showed a significant increase of ROS in HGHF treated fi-
bers compared to control. 20 fibers were quantified in each
treatment and experiments were repeated three times, in-
dependently. **p < 0.01 vs. control.

T

control

HGHF



J. Dohl et al.

A B

Life Sciences 211 (2018) 238-244

Fig. 6. Chronic effects of HG, HF or HGHF on stress
signaling pathways and apoptotic cell death in C2C;»
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difficult to obtain, and challenging to work with. Immortalized cell
lines can be a cost-effective alternative as long as they are well main-
tained and verified to ensure there is no major genetic drift, cross
contamination, or misidentification [37].

Despite the range of applicability with various cell lines, the use of
cells in vitro has limitations in and of itself. There is a short time frame
of use for both immortalized cells and primary cell lines with our
method; acclimated C,C;, myoblasts can readapt to hyper-glycemic and
-lipidemic conditions after a prolonged incubation time, namely during
experimentation lasting several days, and primary myofibers, after re-
peated passaging, are likely to become senescent; these properties limit
the window of use for both cell types [38,39]. In addition, both primary
and immortal cell lines are studied in isolation and cannot replicate the
complex conditions of in vivo experiments. Cells cultured in vitro lack
communication with various cell types, which is common and im-
portant in biological conditions. This also limits their reactions to
treatment as well as being separated from the hormonal systems also
important in cellular signaling. Despite the strengths of this method and
in vitro studies in general, they are not without their own limitations.

Observing the differences in hyperglycemia, hyperlipidemia, and a
combination of hyper-glycemia and -lipidemia is useful for determining
the changes in energy metabolism in heath and DM. Fats and carbo-
hydrates are the principal substrates that fuel mitochondrial respiration
for ATP synthesis, and resting muscle prefers fatty acids as fuel [40,41].
Our results show that, in C,C;5 myoblasts, HG exposure results in mild
increases in ROS production and membrane potential, as well as a shift
towards shortened and punctate mitochondria as compared to control
myoblasts. However, HF exposure induced a much larger increase in
ROS production and membrane potential as well as extensive mi-
tochondrial fragmentation. HGHF treatment resulted in highly similar
outcomes as the HF treatment alone, and lacked any potentiation from
the combination of HG and HF. It is known that fatty acid oxidation can
inhibit whole body glucose oxidation in vivo and similar effects may be
occurring in vitro in this instance, with the surplus of fatty acids in-
hibiting the consumption of glucose and mediating the effects of HG
exposure [42,43]. Importantly, our HF exposure only included palmitic
acid, a ubiquitous saturated fatty acid. Further efforts should examine
potential differences due to changes in fatty acid combinations, for
example long chain omega 3 and omega 6 as well as monounsaturated
and possibly short or medium chain fatty acids. What effects would

control HG
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HF HGHF

these lipids have on mitochondrial function and morphology?

In summary, we have presented a novel method for simulating
hyper-glycemic and -lipidemic conditions in C,C;» mouse myoblasts
and isolated rat FDB myofibers. This is a convenient method for con-
ducting in vitro DM research without sacrificing its major advantages.
Combining hyper-glycemic and -lipidemic conditions in vitro more
closely replicates what is documented in vivo. Acclimating cells to
normoglycemic conditions can be accomplished in two to three months,
and cells can then be stored in liquid nitrogen to avoid the need for re-
acclimation. Conjugation of a fatty acid to BSA is both easily accom-
plished and more economical than purchasing commercially available
pre-conjugated lipids. We hope that our in vitro model can be adopted
for further study of DM with the goal of advancing our understanding of
mechanisms involved to develop improved prevention and treatment
strategies.
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