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Abstract
Introduction One approach to dampen the inflammatory reactions resulting from implantation surgery of cochlear implant 
hearing aids is to embed dexamethasone into the matrix of the electrode carrier. Possible side effects for sensory cells in the 
inner ear on the metabolomics have not yet been evaluated.
Objective We examined changes in the metabolome of the HEI-OC1 cell line after dexamethasone incubation as a cell 
model of sensory cells of the inner ear.
Results and Conclusion Untargeted GC–MS-profiling of metabolic alterations after dexamethasone treatment showed that 
dexamethasone had antithetical effects on the metabolic signature of the cells depending on growth conditions. The differenti-
ated state of HEI-OC1 cells is better suited for elucidating metabolic changes induced by external factors. Dexamethasone 
treatment of differentiated cells led to an increase in intracellular amino acids and enhanced glucose uptake and β-oxidation 
in the cells. Increased availability of precursors for glycolysis and ATP production by β-oxidation stabilizes the energy 
supply in the cells, which could be assumed to be beneficial in coping with cellular stress. We found no negative effects of 
dexamethasone on the metabolic level, and changes may even prepare sensory cells to better overcome cellular stress fol-
lowing implantation surgery.
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1 Introduction

Cochlear implants are widely used in restoring hearing in 
patients with severe or profound hearing loss (Naples & 
Ruckenstein, 2020). The prerequisite for this treatment is 
the presence of an intact cochlear nerve and a sufficient num-
ber of healthy spiral ganglia neurons that can be electri-
cally stimulated by the implanted device (Ilberg et al., 1999; 
Kiefer et al., 2005). It is important to avoid inflammation 
and induced degenerative effects following insertion of the 
implant device because they may lead to direct or delayed 
hearing loss in cochlear implant patients (Eshraghi et al., 
2007, 2015; Jia et al., 2013; Kamakura et al., 2018). Func-
tional loss of the implant is caused by induced apoptosis 
in spiral ganglia neurons. Delayed hearing loss in patients 
with residual hearing in the low frequency range is the result 
of fibrosis and ossification destroying the microarchitecture 
of the inner ear, which may also occur months, or even 
years, after implantation (Jia et al., 2013; Linthicum et al., 
2017; O’Leary et al., 2013; Quesnel et al., 2016). In addi-
tion, the latter leads to increased electrical impedance of the 
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implanted electrodes, causing higher energy consumption 
and lowering the dynamic range (Kawano et al., 1998).

Synthetic glucocorticoids were first synthesized in 1957 
and approved for medical use in 1961. Animal testing has 
shown that the use of glucocorticoids dampens foreign body 
reactions; consequently, the survival of hair cells and spiral 
ganglions is increased and fibrosis reduced (Eshraghi et al., 
2007; Kuthubutheen et al., 2015; Malkoc et al., 2014). The 
first clinical pilot studies indicated that the use of glucocor-
ticoids in cochlear implant surgery could prevent increased 
electrical impedance, improving preservation of the dynamic 
range (Bas et al., 2016; Kuthubutheen et al., 2017; Prenzler 
et al., 2018). These effects are attributed to the anti-inflam-
matory effect of glucocorticoids, which are agonists for the 
glucocorticoid receptor but have little affinity for the min-
eralocorticoid receptor (Liu et al., 2013). Because the glu-
cocorticoid and mineralocorticoid receptors are expressed 
in many tissues, various effects are assumed for different 
parts of the body. For example, the systemic side effects of 
the glucocorticoid dexamethasone (Dex) are well studied 
and sometimes serious (e.g., reduced growth in children 
(Gibson et al., 1993), pancreatitis (Ksiądzyna, 2011), or the 
development of diabetes (Tappy et al., 1994). Therefore, the 
application of Dex in cochlear implant surgery is only done 
locally at the target structure in order to reduce systemic 
side effects, especially when the application is intended for 
a longer period of time. Thus, new application forms, such 
as cochlear implant electrode carriers releasing Dex, are cur-
rently under development (Liebau et al., 2019; Liu et al., 
2016; Plontke et al., 2017).

The highest concentration of Dex is assumed to be ele-
vated in the scala tympani and surrounding tissue, includ-
ing the organ of corti and Rosenthal’s canal. Possible, local 
side effects to these sensory cells have not yet been part of 
metabolic investigations. Changes in pathways could lead 
to imbalances in energy homeostasis, potentially causing 
energy deficiency or the metabolization of intermediates that 
are relevant for cellular integrity and function. Thus, meta-
bolic analysis is an important tool in elucidating aberrant 
changes induced in the whole metabolic network. Long-term 
observation studies in rats have revealed that continuous sys-
temic application of Dex has a significant impact on the 
metabolome of neural cells in the brain (Dahabiyeh et al., 
2020). To elucidate possible aberrant changes after Dex 
application in sensory cells of the inner ear, we performed a 
metabolic analysis to gain insight into alterations in cellular 
homeostasis in the presence of Dex.

We used the HEI-OC1 cell line derived from corti of organ 
explants, which express biomarkers that are characteristic of 
sensory cells in the organ of corti, as an in vitro model sys-
tem. This cell line was established by Kalinec et al., and sug-
gested for drug ototoxicity tests (Kalinec et al., 2003, 2016). 
The cells harbor an interferon-gamma-inducible promoter 

element controlling a temperature-sensitive mutant of the 
SV40 large T-antigen (Kalinec et al., 2016). This allows the 
ability to force the cells into a proliferative or differentiated 
state by incubating the cells at 33 °C or 39 °C, respectively. 
In the present study, we looked for changes induced by Dex 
in a hair cell-like cell line on a metabolic level in both grow-
ing conditions and compared them using GC–MS untargeted 
analysis. Metabolic analysis is an important tool in elucidat-
ing the aberrant changes induced in the whole metabolic 
network in addition to the intended effect of the drug used. 
Thus, it is an important tool in understanding side effects. 
The results of this study indicate antithetical effects on the 
metabolome after Dex treatment between proliferative and 
differentiated conditions in cells. The metabolic profiles of 
the cells grown under proliferative conditions exhibited lit-
tle biovariability, whereas the metabolic profiles were more 
diverse under differentiated conditions. Our results indicate 
that Dex increases the intracellular abundance of energy 
metabolites.

2  Methods

2.1  Cell culture

HEI-OC1 cells were cultured in DMEM high Glucose 
Dulbecco’s Modified Eagle Medium (Life Technologies, 
Carlsbad, USA) with 10% FCS (Merck KGaA, Darmstadt, 
Germany) and 1% Penicillin G (Sigma-Aldrich, St. Louis, 
USA). Cells were incubated either at 33 °C and 5%  CO2 or 
at 39 °C and 5%  CO2 for three days to obtain cells in prolif-
erative state and differentiated state respectively. Then cells 
were seeded 500,000 cells per 10 cm culture dish starting 
four groups i.e. a dexamethasone treatment and a control 
group for both cell conditions and cultured at prolifera-
tive and differentiated conditions in parallel (6 replicates 
for each condition). Additionally, plates were seeded in all 
cell conditions for cell counting (4 replicates). After 24 h 
1 µL of a free dexamethasone solution in sterile water was 
added to the dexamethasone treatment conditions to obtain 
a final dexamethasone concentration of  10−3 M. 1 µL of ster-
ile water was added to the control conditions. After further 
incubation for 3 days, 2 mL medium of each culture dish was 
shock frozen in liquid nitrogen and stored at − 80 °C. Dishes 
were washed with sterile 0.9% NaCl solution twice. Then 
1.5 mL of cold methanol/water 9/1 (v/v) with 1 µg/mL ribi-
tol + 1 µg/mL phenylglucose (internal standard for GCMS 
measurement) was added and cells were scraped from the 
dish bottom into the solution while culture dishes placed 
on ice. Afterwards the solution was shock frozen in liquid 
nitrogen and stored at − 80 °C. At the same time cells were 
counted in the plates seeded for cell counting. Prior to cell 
harvest, Cryo vials containing approximately 300 mg glass 
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beads (diameter 425–600 μm; Sigma, Munich, Germany) 
were prepared. Sample extracts were filled on top of the 
glass beads and stored at − 80 °C until sample preparation.

2.2  Sample preparation

Then samples were lysed using a Precellys bead-mill with 
3 cycles at − 10 °C, 6500 rpm for 15 s and 10 s breaks in 
between runs. The mix was centrifuged (20,000×g, 4 °C, 
15 min) and its supernatant subsequently dried in a vacuum 
centrifuge (Eppendorf, Hamburg, Germany). Dried samples 
were derivatised with 20 µL methoxyamine (20 mg/mL in 
Pyridine) at 28 °C for 90 min under constant shaking. After-
wards, samples were derivatized with MSTFA (N-Methyl-
N-(trimethylsilyl)trifluoroacetamide; 37 °C, 30 min) and 
directly analyzed afterwards. QC samples were prepared by 
collecting and pooling 5 µL from each sample. The mix-
ture was vortexed and aliquoted. A mixture of n-alkane mix 
 (C10–C40, even; Neochema, Bodenheim, Germany) in hex-
ane (GC-grade, Sigma-Aldrich, Taufkirchen, Germany) was 
used for retention index calculation.

2.3  Instrumentation and data analysis

GC analysis was performed on an Agilent 7890 system cou-
pled to an Agilent 5975C Mass sensitive detector (Agilent, 
Waldbronn, Germany). Samples (1 µL) were injected in 
splitless mode by a Gerstel MPS2 XL autosampler in ran-
domized order and separated on a HP5-MS-capillary col-
umn (60 m × 0.25 m × 0.25 µm). Starting conditions for the 
temperature gradient was 80 °C, which was held for 3 min. 
Afterwards, the temperature was ramped for 5 °C/min for 
49 min up to 325 °C. Temperature was held at 320 °C for 
14 min. Total runtime was 66 min (Lagies et al., 2018).

Mass spectra acquired on an Agilent 5975C with an EI-
source (Agilent, Waldbronn, Germany) were post-processed 
using AMDIS (Automated MassSpectral Deconvolution and 
Identification System; Version 2.71, Tobias Kind, Fiehnlab, 
California, USA) Version 2.71. For post-processing, Kovat’s 
retention indices were calculated from the n-alkane stand-
ard and applied to all the measured samples. Also, peaks 
were deconvoluted using AMDIS. Afterwards, common 
mass spectral features were matched, grouped and extracted 
by the online-tool Spectconnect (Styczynski et al., 2007). 
The resulting feature matrix with peak areas was anno-
tated using a combination of NIST-database and in-house 
database. Acceptance criteria for annotation from database 
were retention index deviation < 5% and spectral similarity 
of fragments of ≥ 75% (MSI identification level 1). Data 
was normalized to internal standard (ribitol or phenylglu-
cose; whichever had a lower standard deviation of integrated 
peak areas across all samples) and cell count. Calculation 
of peak sums was performed by the summation of all peak 

areas of each sample. Subsequently, statistical analysis was 
performed using MetaboAnalyst 4.0. (Chong et al., 2018). 
Each variable was z-normalized prior to analysis. Detailed 
information of instrumentation and Data analysis is provided 
in Online Resource 5.

3  Results

For 221 mass spectral features, 71 corresponding metabo-
lites were identified. Interestingly, we found considerable 
differences in peak sums between conditions (Table 1 and 
Fig. 1). The peak sum for Dex-treated cells cultivated under 
proliferative conditions was 50% lower on average compared 
to controls. For differentiated conditions, the peak sum was 
approximately 10% higher in Dex-treated cells than in con-
trols. For this reason, the internal peak sum normalization 
was not feasible. Therefore, we used external normalization 
based on cell counting. Figure 1a depicts the peak sums of 
different experimental conditions and the peak sums normal-
ized to total cell count per condition. Normalization for cell 
count revealed a much higher density of metabolites per cell 
under differentiated conditions.

A principal component analysis was performed using the 
online tool MetaboAnalyst (Fig. 1b) (Chong et al., 2018). 
Component 1 separates the two different cell conditions (i.e., 
proliferative or differentiated). The clusters on the left side 
of Fig. 1b are cells grown under proliferative conditions and 
the clusters on the right are cells grown under differenti-
ated conditions. Component 2 separates control and Dex 
treatment. The clustering of both groups under proliferative 
conditions is very narrow, showing little room for biological 
variation when cells are forced into the proliferative state, 
which highlights its artificial character.

All confirmed metabolites analyzed in the cells are shown 
in the heat map in Fig. 2. Normalized peak data for cell and 
medium analysis are available in Online Resource 1 and 2. 
Most metabolites had relatively higher concentrations in the 
differentiated state than the proliferative state. Pathway map-
ping with bar charts for key metabolites of each condition 

Table 1  Peak sum and cell count for each group

Prol control proliferating condition, control, Prol Dex proliferating 
condition, dexamethasone, Diff control differentiated condition, con-
trol, Diff Dex differentiated condition, dexamethasone. Despite hav-
ing 5- to 6-fold more cells in the proliferating groups, approximately 
similar total signal intensities were detected

Group Peak sum Cell count

Prol control 1.48 ×  109 ± 0.119 ×  109 12.6 ×  106

Prol Dex 7.00 ×  108 ± 1.08 ×  108 11.8 ×  106

Diff control 7.10 ×  108 ± 1.44 ×  108 1.7 ×  106

Diff Dex 1.03 ×  109 ± 0.109 ×  109 2.2 ×  106
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of the main energy pathways in medium and lysate and each 
condition are available in Online Resource 6 and 7. A hori-
zontal line above two bars represents a significant difference 
with ANOVA post-hoc test. The underlying date for the bar 
charts is available in Online Resource 8 and 9. Results for 
ANOVA post-hoc testing are in Online Resource 3 and 4.

Figures 3 and 4 depict the fold changes between Dex 
exposition and controls in both growing conditions in 
medium and cells, respectively. Data are available in 
Online Resources 3 and 4. Direct comparison of control 
groups without Dex treatment revealed that intracellular 
concentrations of sugars (i.e., fructose, glucose, and glu-
cose-6-phosphate), except lactate, were significantly higher 
under differentiated conditions. The concentration of lactate 
was significantly lower in cells grown under differentiated 
conditions, suggesting a lower glycolysis rate in cells grow-
ing in differentiated conditions than in proliferating cells. 
The higher proliferation rate of the cells grown under pro-
liferative conditions is reflected in the significantly lower 
amounts of intracellular fatty acids, such as palmitic and 
stearic acid, and membrane components, such as cholesterol. 
Glyceric acid was also increased in the medium (Fig. 3), 
which supports the assumption that β-oxidation rates are 
also upregulated. The intracellular concentrations of TCA-
intermediates citric acid and a-ketoglutaric acid are not sig-
nificantly different between growth conditions. In addition, 
fumaric acid and malic acid are significantly more abundant 
in proliferating cells, suggesting reduced energy generation 
from oxidative phosphorylation, which is supplemented by 

other energy sources such as β-oxidation, glycolysis and its 
subsequent lactate formation.

Examining the fold changes in metabolites between the 
control and Dex-treated groups revealed antithetical effects 
of Dex on cell metabolism depending on the growth con-
dition (Fig. 4). Most metabolites are decreased under pro-
liferative conditions during Dex incubation, whereas most 
metabolites are increased under differentiated conditions 
after Dex treatment compared to controls.

3.1  Metabolic alterations in proliferating HEI‑OC1 
cells

As already mentioned above, the total metabolite count 
per cell was substantially different based on cell status. In 
proliferating Dex-treated cells, we measured a significant 
decrease in lactate levels, even when compared to the dif-
ferentiated groups. However, all detected sugars except 
fructose-6-phosphate were depleted in proliferating groups 
for both Dex-treated cells and controls. Within proliferat-
ing groups, no significant differences were detected between 
the amounts of sugars, with the sole exception of fructose-
6-phosphate, which was significantly reduced in Dex-treated 
cells. A lower concentration of glucose in the medium of the 
Dex-treated group compared to non-treated cells indicates 
higher glucose uptake induced by Dex.

Increased glycolysis activity would normally lead to 
accumulation of lactate, which is not seen in proliferating 
Dex-treated cells under anaerobic conditions. Interestingly, 

Fig. 1  a Peak sum of peak areas in relation to the proliferation con-
trol (Prol control) group. Left, total peak sum in relation to the total 
amount of Prol control. Right, the ratio of peak sum to cell count in 
relation to the ratio of Prol control. Bars represent group averages. 
Error bars depict the standard deviation. b Principal component 

analysis plot of the four experimental conditions. PC1 separates cell 
condition (proliferative/differentiated), whereas PC2 separates Dex 
treatment and control. The QC shows that there was no shift dur-
ing analysis. n(Prol control) = 5, n(Prol Dex) = 5, n(Diff control) = 6, 
n(Diff Dex) = 6.
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lactate accumulated in the medium of the proliferating 
groups with a slight trend towards higher amounts of lac-
tate in the medium of Dex-exposed cells. This suggests an 
upregulation of lactate efflux in proliferating cells, especially 
in the Dex-treated group. The low levels of intracellular lac-
tate in proliferating Dex-treated cells go along with depleted 
amounts of all detected TCA intermediates, including cit-
rate, α-ketoglutaric acid, fumarate, and malate. Considering 

that the formation of citrate is the rate-limiting step in the 
TCA-cycle, we assume that the production of energy by oxi-
dative phosphorylation is upregulated under the influence of 
Dex in proliferating conditions.

All ketogenic amino acids and potential ketogenic 
amino acids, which may be converted to acetyl-CoA, 
were concentrated at lower levels. Keeping in mind that 
glycolytic activity is reduced, energy provision must be 
supplemented by other pathways, such as the TCA-cycle. 

Fig. 2  Hierarchical clustering 
heat map of all confirmed intra-
cellular metabolites after polar 
extraction. Group averages for 
each metabolite were z-nor-
malized and depicted in a color 
code. Dendrograms were gener-
ated with Euclidean distance 
measure and Ward’s clustering 
algorithm. n(Prol control) = 5, 
n(Prol Dex) = 5, n(Diff con-
trol) = 6, n(Diff Dex) = 6
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Thus, we assume amino acids are fed into the TCA-cycle, 
resulting in the overall low levels of metabolites (i.e., TCA 
intermediates and amino acids). In addition, pantothenic 
acid, a precursor of coenzyme A and a cofactor for acyl-
carrier protein, was reduced significantly, approximately 
fivefold, in Dex-exposed cells. This goes along with 
depleted free fatty acids and cholesterol for both prolifer-
ating groups with a tendency of slightly higher amounts 
of fatty acids in Dex-treated cells, which may indicate an 
increased metabolism of fatty acids by β-oxidation. At the 
same time, we observed significantly increased glyceric 
acid levels in medium for both proliferating groups com-
pared to the differentiated groups, suggesting an increased 
efflux of free glyceric acids due to increased β-oxidation. 
The cholesterol concentration was non-significantly 
altered by Dex incubation in cells and medium. However, 
in both proliferative groups, the amount of cholesterol was 
significantly lower than under differentiated conditions. 
A high cell proliferation rate decreases the cholesterol 
membrane content. Thus, more cholesterol is needed to 

maintain membrane fluidity, which probably results in 
cells actively importing cholesterol from the medium or 
passive uptake of cholesterol into membranes.

3.2  Metabolic alteration in differentiated HEI‑OC1 
cells

The metabolome of the differentiated cells differed widely 
from that of proliferating cells. The cells growing without 
the active virus protein generally had a higher amount of 
(energy) metabolites, predominantly the precursors for gly-
colysis and β-oxidation. The sugars fructose-6-phosphate, 
glucose-6-phosphate, glucose, and fructose were greatly 
increased. We found the highest amounts of sugars in differ-
entiated Dex-treated cells compared to all other groups. As 
in proliferating Dex-treated cells, a slight trend of increased 
glucose uptake from the medium was also apparent for the 
differentiated Dex group. Despite the high availability of 
sugars in the cells, the rate of glycolysis did not appear to be 
elevated in the differentiated groups. The levels of lactate, 

Fig. 3  Log2 fold changes of 
metabolites in medium due 
to Dex treatment in different 
conditions (proliferative/dif-
ferentiated). The asterisk (*) 
indicates a significant difference 
(p < 0.05) in the fold change 
within the group by ANOVA 
with Fisher’s least significant 
difference post-hoc test. n(Prol 
control) = 6, n(Prol Dex) = 6, 
n(Diff control) = 6, n(Diff 
Dex) = 6
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pyruvate, and TCA intermediates citric acid, fumaric acid, 
and malic acid were not significantly different, indicating no 
change in oxidative phosphorylation. Most of the detected 
fatty acids and cholesterol were significantly reduced in Dex-
incubated cells compared to controls. The opposite was true 
for essential amino acids, ketogenic amino acids, and most 
amino acids that can feed into the TCA cycle, which were 
increased in Dex-treated cells. This finding suggests a higher 
energy uptake by means of increased import of metabolites 
by the cells under the influence of Dex. The assumption 
is also supported by the aforementioned increase in sugars 
in cells and the decreased glucose in the medium of Dex-
treated groups. However, the levels of ketogenic and essen-
tial amino acids in medium remained mostly unchanged, 
which supports the assumption of diminished consumption 
of these amino acids.

Decreased amounts of fatty acids may also point to 
increased energy provision by the generation of acetyl-CoA 

with β-oxidation. However, one of the essential precursors 
in acetyl-CoA synthesis, pantothenic acid, was increased 
in Dex-exposed cells, suggesting that acetyl-CoA is not 
increased, but decreased. This suggests an increased turno-
ver of acetyl-CoA. Dex-treated cells had significantly lower 
cholesterol content than cells from the respective control 
groups. At the same time, the amount of cholesterol in the 
medium seemed to be unaffected by Dex treatment, which 
suggests that the import of cholesterol into the cells is not 
altered. Therefore, Dex appears to have an attenuative influ-
ence on cholesterol synthesis.

4  Discussion

HEI-OC1 cells were incubated under proliferative or dif-
ferentiated conditions. Each growth condition was treated 
with Dex and compared to its respective control group. 

Fig. 4  Log2 fold changes of 
metabolites in cells due to Dex 
treatment in different conditions 
(proliferative/differentiated). 
The asterisk (*) indicates a sig-
nificant (p < 0.05) difference in 
the fold change within the group 
by ANOVA with Fisher’s least 
significant difference post-hoc 
test. n(Prol control) = 5, n(Prol 
Dex) = 5, n(Diff control) = 6, 
n(Diff Dex) = 6
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Untargeted GC–MS profiling revealed 70 significantly 
altered metabolites in ANOVA testing. Our results show 
that the active temperature sensitive SV40 large T antigen 
gene that forces cells into the proliferative immortal state 
leads to massive overall metabolite depletion, in addition 
to rapid proliferation. The analysis also revealed that cells 
growing under forced proliferative conditions feature lit-
tle biovariability. This depicts a very stable, yet artificial, 
metabolism in which cells increase their energy production 
to provide enough energy for continuous mitosis. In addi-
tion, the active virus protein inverted the effect of Dex incu-
bation on most metabolites, leading to antithetical effects on 
the metabolome between the proliferative and differentiated 
conditions. One has to keep in mind the artificial metabolism 
state when using this cell line for conducting drug ototoxic-
ity tests under proliferative conditions. For this reason, we 
think that HEI-OC1 cells growing without the influence of 
the virus protein represent a more natural model for metabo-
lomics experiments.

Rapidly proliferating cells are usually characterized 
metabolically by increased glycolytic activity leading to 
lactate accumulation (Cori & Cori, 1925; Warburg et al., 
1927; Young, 2013). Interestingly, this was only seen in the 
proliferating control group, not in Dex-treated cells, which 
generally had lower amounts of metabolites, including lac-
tate. The medium had highly increased levels of lactate for 
Dex-treated cells. As intracellular metabolite composition 
points to increased glycolysis in these cells, Dex seems to 
force the efflux of lactate.

The increase in lactate production with depleted amounts 
of precursors for glycolysis (i.e., sugars and sugar phos-
phates_ in proliferating cells implies highly elevated glyco-
lytic activity (Ippolito et al., 2019). In concert with increased 
glycolytic activity, oxidative phosphorylation also appears 
to be upregulated because of increased amounts of malate 
und fumarate. For some immortal cell lines, increased oxi-
dative phosphorylation activity has already been observed 
(Moreno-Sánchez et al., 2007; Weinberg & Chandel, 2015).

Levels of free fatty acids were not significantly altered 
between the proliferating control and Dex-treated groups. 
However, the amount of pantothenic acid was 10-times lower 
in Dex-exposed cells, suggesting increased usage for the syn-
thesis of acetyl-CoA. At the same time, no significant difference 
in pantothenic acid was found in the medium across all four 
groups, indicating no altered uptake or release from the cells.

In cell models, Dex exposure is usually associated with 
increased uptake of nutrients (Dyczynski et al., 2018). In 
HEI-OC1 cells, a tendency for increased uptake of glu-
cose was seen for Dex-treated cells in both conditions. All 
detected intracellular sugars were significantly more abun-
dant in differentiated Dex-treated cells than the respective 
controls. In addition, an intracellular increase in essential 
amino acids (i.e., l-threonine, l-isoleucine, l-lysine, and 

l-tryptophan) was measured in the differentiated Dex-treated 
group. However, the amounts of amino acids in medium 
remained unchanged. As the intracellular TCA metabolites 
did not differ in the differentiated group, reduced introduc-
tion of amino acids into the TCA cycle in the Dex group 
seems likely. Furthermore, due to increased uptake and, thus, 
increased availability of glucose for glycolysis, there would 
be a sufficient supply of pyruvate for oxidation during the 
TCA cycle. Increased protein catabolism may be an alter-
native cause of higher amounts of free amino acids, which 
would have to be evaluated as a negative effect of Dex treat-
ment for longer duration. However, this effect has mostly 
been reported for skeletal muscle cells (Moreno-Sánchez 
et al., 2007; Dyczynski et al., 2018; Malkawi et al., 2019), 
though it has also been postulated to occur in brain tissue 
(Malkawi et al., 2019). As we found no observable differ-
ence in the rate of oxidative phosphorylation but increased 
availability of sugars and apparent increase in β-oxidation, 
the cells have plenty of sources for the generation of ATP. 
When there is no need for the cells to use amino acids for 
ATP generation, amino acids, particularly essential amino 
acids are available for protein synthesis. On the other hand, 
one could hypothesize that decreased protein biosynthesis 
as a factor underlying increased amino acid levels in Dex-
exposed cells. Further proteomic analysis may be necessary 
to prove stable protein turnover in Dex-exposed cells. Flux 
analysis with  C13-labeled amino acids could be used to track 
amino acids and quantify changes in their introduction into 
the TCA cycle during Dex exposure.

Fatty acids, such as palmitic acid, stearic acid, and oleic 
acid, are significantly reduced in the differentiated Dex-
treated group. Therefore, the energy production is probably 
shifted toward β-oxidation by Dex incubation. This oxida-
tion process yields further ATP, as well as the final product, 
acetyl-CoA, which is also a precursor for the TCA cycle. 
The cholesterol concentration was significantly reduced in 
the cells, whereas the concentration in the medium remained 
unchanged. Other studies have shown a suppressive effect 
of glucocorticoids on cholesterol synthesis (Johnston et al., 
1980; Picard et al., 1980). Our data support the assumption 
that this may also be true for HEI-OC1 cells.

A limitation of the present study is the short incubation 
with Dex. The incubation time had to be limited to obtain con-
fluent cells at the time of sampling in order to exclude effects 
on the metabolome induced by high cell density. However, 
local Dex treatment after cochlear implant surgery is intended 
for several weeks. Therefore, we cannot completely rule out 
further Dex-induced changes on the metabolomic level that 
are not seen during the first few days of incubation.

An increased amount of available energy in the cell has 
been associated with positive effects on regeneration pro-
cesses. A previous study showed that regeneration of dam-
aged axons is positively influenced by enhancement of the 
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local energy supply by stimulating mitochondrial transport 
to the injured part of the axon (Han et al., 2020).

Photobiomodulation with near infrared light has been 
suggested to restore ATP production by photo dissociation 
of nitrous oxide (NO) from cytochrome-c oxidase as part of 
the mitochondrial respiratory chain, accelerating the rate of 
respiratory chain activity (Hashmi et al., 2010). It has been 
hypothesized that, in the case of mitochondrial dysfunction 
due to cell stress, cytochrome-c oxidase is inhibited by com-
petitive binding between NO and  O2 (Bartos et al., 2016). In 
postnatal rat neurons, mitochondrial dysfunction induced by 
potassium cyanide can be prevented based on increased cell 
vitality when cells were pretreated with 670 nm and 830 nm 
light exposure (Wong-Riley et al., 2005).

With increased availability of glucose and substrates 
for glycolysis, increased ATP production by β-oxidation, 
decreased consumption of amino acids, and subsequently 
increased amounts of (essential) amino acids for protein syn-
thesis, we propose that there are no disadvantageous effects 
on metabolic changes with regard to energy metabolism in 
sensory cells of the inner ear after local application of Dex 
for a limited time after implantation surgery. Furthermore, 
the results of our metabolomic study suggest that the effects 
induced by Dex on metabolic changes are beneficial in cop-
ing with cellular stress following surgical trauma.
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Acknowledgements HEI-OC1-cells were a gift from F. Kalinec.

Author contributions Conceptualization, BK AL, BB, SP and MK; 
investigation, MK and SK; data curation, MK; writing—original draft 
preparation, AL and MK; visualization, MK; project administration, 
BK and SP All authors have read and agreed to the published version 
of the manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Declarations 

Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http:// creat iveco mmons. 
org/ licen ses/ by/4. 0/.

References

Bartos, A., Grondin, Y., Bortoni, M. E., Ghelfi, E., Sepulveda, R., 
Carroll, J., et al. (2016). Pre-conditioning with near infrared pho-
tobiomodulation reduces inflammatory cytokines and markers of 
oxidative stress in cochlear hair cells. Journal of Biophotonics, 9, 
1125–1135. https:// doi. org/ 10. 1002/ jbio. 20150 0209

Bas, E., Bohorquez, J., Goncalves, S., Perez, E., Dinh, C. T., Garnham, 
C., et al. (2016). Electrode array-eluted dexamethasone protects 
against electrode insertion trauma induced hearing and hair cell 
losses, damage to neural elements, increases in impedance and 
fibrosis: A dose response study. Hearing Research, 337, 12–24. 
https:// doi. org/ 10. 1016/j. heares. 2016. 02. 003

Chong, J., Soufan, O., Li, C., Caraus, I., Li, S., Bourque, G., et al. 
(2018). MetaboAnalyst 4.0: Towards more transparent and 
integrative metabolomics analysis. Nucleic Acids Research, 46, 
W486–W494. https:// doi. org/ 10. 1093/ nar/ gky310

Cori, C. A., & Cori, G. T. (1925). The carbohydrate metabolism of 
tumors: III. The rate of glycolysis of tumor tissue in the living 
animal. The Journal of Biological Chemistry, 65, 397–405

Dahabiyeh, L. A., Malkawi, A. K., Wang, X., Colak, D., Mujamammi, 
A. H., Sabi, E. M., et al. (2020). Dexamethasone-induced per-
turbations in tissue metabolomics revealed by chemical isotope 
labeling LC-MS analysis. Metabolites. https:// doi. org/ 10. 3390/ 
metab o1002 0042

Dyczynski, M., Vesterlund, M., Björklund, A.-C., Zachariadis, V., Jans-
sen, J., Gallart-Ayala, H., et al. (2018). Metabolic reprogramming 
of acute lymphoblastic leukemia cells in response to glucocorti-
coid treatment. Cell Death & Disease, 9, 846. https:// doi. org/ 10. 
1038/ s41419- 018- 0625-7

Eshraghi, A. A., Adil, E., He, J., Graves, R., Balkany, T. J., & van 
de Water, T. R. (2007). Local dexamethasone therapy conserves 
hearing in an animal model of electrode insertion trauma-induced 
hearing loss. Otology & Neurotology, 28, 842–849. https:// doi. org/ 
10. 1097/ MAO. 0b013 e3180 5778fc

Eshraghi, A. A., Lang, D. M., Roell, J., van de Water, T. R., Garnham, 
C., Rodrigues, H., et al. (2015). Mechanisms of programmed cell 
death signaling in hair cells and support cells post-electrode inser-
tion trauma. Acta Oto-Laryngologica, 135, 328–334. https:// doi. 
org/ 10. 3109/ 00016 489. 2015. 10122 76

Gibson, A. T., Pearse, R. G., & Wales, J. K. (1993). Growth retardation 
after dexamethasone administration: Assessment by knemometry. 
Archives of Disease in Childhood, 69, 505–509. https:// doi. org/ 
10. 1136/ adc. 69.5_ spec_ no. 505

Han, Q., Xie, Y., Ordaz, J. D., Huh, A. J., Huang, N., Wu, W., et al. 
(2020). Restoring cellular energetics promotes axonal regenera-
tion and functional recovery after spinal cord injury. Cell Metabo-
lism, 31, 623-641.e8. https:// doi. org/ 10. 1016/j. cmet. 2020. 02. 002

Hashmi, J. T., Huang, Y.-Y., Osmani, B. Z., Sharma, S. K., Naeser, 
M. A., & Hamblin, M. R. (2010). Role of low-level laser therapy 
in neurorehabilitation. PM & R, 2, S292-305. https:// doi. org/ 10. 
1016/j. pmrj. 2010. 10. 013

Ippolito, L., Morandi, A., Giannoni, E., & Chiarugi, P. (2019). Lactate: 
A metabolic driver in the tumour landscape. Trends in Biochemi-
cal Sciences, 44, 153–166. https:// doi. org/ 10. 1016/j. tibs. 2018. 10. 
011

Jia, H., Wang, J., François, F., Uziel, A., Puel, J.-L., & Venail, F. 
(2013). Molecular and cellular mechanisms of loss of residual 
hearing after cochlear implantation. The Annals of Otology, Rhi-
nology, and Laryngology, 122, 33–39. https:// doi. org/ 10. 1177/ 
00034 89413 12200 107

Johnston, D., Matthews, E. R., & Melnykovych, G. (1980). Gluco-
corticoid effects on lipid metabolism in HeLa cells: Inhibition 
of cholesterol synthesis and increased sphingomyelin synthesis. 

https://doi.org/10.1007/s11306-021-01799-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/jbio.201500209
https://doi.org/10.1016/j.heares.2016.02.003
https://doi.org/10.1093/nar/gky310
https://doi.org/10.3390/metabo10020042
https://doi.org/10.3390/metabo10020042
https://doi.org/10.1038/s41419-018-0625-7
https://doi.org/10.1038/s41419-018-0625-7
https://doi.org/10.1097/MAO.0b013e31805778fc
https://doi.org/10.1097/MAO.0b013e31805778fc
https://doi.org/10.3109/00016489.2015.1012276
https://doi.org/10.3109/00016489.2015.1012276
https://doi.org/10.1136/adc.69.5_spec_no.505
https://doi.org/10.1136/adc.69.5_spec_no.505
https://doi.org/10.1016/j.cmet.2020.02.002
https://doi.org/10.1016/j.pmrj.2010.10.013
https://doi.org/10.1016/j.pmrj.2010.10.013
https://doi.org/10.1016/j.tibs.2018.10.011
https://doi.org/10.1016/j.tibs.2018.10.011
https://doi.org/10.1177/000348941312200107
https://doi.org/10.1177/000348941312200107


 M. Kather et al.

1 3

52 Page 10 of 10

Endocrinology, 107, 1482–1488. https:// doi. org/ 10. 1210/ 
endo- 107-5- 1482

Kalinec, G., Thein, P., Park, C., & Kalinec, F. (2016). HEI-OC1 cells 
as a model for investigating drug cytotoxicity. Hearing Research, 
335, 105–117. https:// doi. org/ 10. 1016/j. heares. 2016. 02. 019

Kalinec, G. M., Webster, P., Lim, D. J., & Kalinec, F. (2003). A coch-
lear cell line as an in vitro system for drug ototoxicity screening. 
Audiology & Neuro-Otology, 8, 177–189. https:// doi. org/ 10. 1159/ 
00007 1059

Kamakura, T., O’Malley, J. T., & Nadol, J. B. (2018). Preservation of 
cells of the organ of Corti and innervating dendritic processes 
following cochlear implantation in the human: An immunohisto-
chemical study. Otology & Neurotology, 39, 284–293. https:// doi. 
org/ 10. 1097/ MAO. 00000 00000 001686

Kawano, A., Seldon, H. L., Clark, G. M., Ramsden, R. T., & Raine, C. 
H. (1998). Intracochlear factors contributing to psychophysical 
percepts following cochlear implantation. Acta Oto-Laryngolog-
ica, 118, 313–326. https:// doi. org/ 10. 1080/ 00016 48985 01833 86

Kiefer, J., Pok, M., Adunka, O., Stürzebecher, E., Baumgartner, W., 
Schmidt, M., et al. (2005). Combined electric and acoustic stimu-
lation of the auditory system: Results of a clinical study. Audiology 
& Neuro-Otology, 10, 134–144. https:// doi. org/ 10. 1159/ 00008 4023

Ksiądzyna, D. (2011). Drug-induced acute pancreatitis related to medi-
cations commonly used in gastroenterology. European Journal 
of Internal Medicine, 22, 20–25. https:// doi. org/ 10. 1016/j. ejim. 
2010. 09. 004

Kuthubutheen, J., Coates, H., Rowsell, C., Nedzelski, J., Chen, J. M., 
& Lin, V. (2015). The role of extended preoperative steroids in 
hearing preservation cochlear implantation. Hearing Research, 
327, 257–264. https:// doi. org/ 10. 1016/j. heares. 2015. 06. 010

Kuthubutheen, J., Joglekar, S., Smith, L., Friesen, L., Smilsky, K., 
Millman, T., et al. (2017). The role of preoperative steroids for 
hearing preservation cochlear implantation: Results of a rand-
omized controlled trial. Audiology & Neuro-Otology, 22, 292–
302. https:// doi. org/ 10. 1159/ 00048 5310

Lagies, S., Pichler, R., Kaminski, M. M., Schlimpert, M., Walz, 
G., Lienkamp, S. S., et  al. (2018). Metabolic characteriza-
tion of directly reprogrammed renal tubular epithelial cells 
(iRECs). Scientific Reports, 8, 3878. https:// doi. org/ 10. 1038/ 
s41598- 018- 22073-7

Liebau, A., Schilp, S., Mugridge, K., Schön, I., Kather, M., Kammerer, 
B., et al. (2019). Long-term in vivo release profile of dexameth-
asone-loaded silicone rods implanted into the cochlea of guinea 
pigs. Frontiers in Neurology, 10, 1377. https:// doi. org/ 10. 3389/ 
fneur. 2019. 01377

Linthicum, F. H., Doherty, J. K., Lopez, I. A., & Ishiyama, A. (2017). 
Cochlear implant histopathology. World Journal of Otorhinolar-
yngology - Head and Neck Surgery, 3, 211–213. https:// doi. org/ 
10. 1016/j. wjorl. 2017. 12. 008

Liu, D., Ahmet, A., Ward, L., Krishnamoorthy, P., Mandelcorn, E. 
D., Leigh, R., et al. (2013). A practical guide to the monitoring 
and management of the complications of systemic corticosteroid 
therapy. Allergy, Asthma, and Clinical Immunology, 9, 30. https:// 
doi. org/ 10. 1186/ 1710- 1492-9- 30

Liu, Y., Jolly, C., Braun, S., Stark, T., Scherer, E., Plontke, S. K., et al. 
(2016). In vitro and in vivo pharmacokinetic study of a dexameth-
asone-releasing silicone for cochlear implants. European Archives 
of Oto-Rhino-Laryngology, 273, 1745–1753. https:// doi. org/ 10. 
1007/ s00405- 015- 3760-0

Malkawi, A. K., Masood, A., Shinwari, Z., Jacob, M., Benabdelkamel, 
H., Matic, G., et al. (2019). Proteomic analysis of morphologi-
cally changed tissues after prolonged dexamethasone treatment. 
International Journal of Molecular Sciences. https:// doi. org/ 10. 
3390/ ijms2 01331 22

Malkoc, G., Dalgic, A., Koc, M., Kandogan, T., Korkmaz, S., Ceylan, 
M. E., et al. (2014). Histopathological and audiological effects of 

mechanical trauma associated with the placement of an intracoch-
lear electrode, and the benefit of corticosteroid infusion: prospec-
tive animal study. The Journal of Laryngology and Otology, 128, 
702–708. https:// doi. org/ 10. 1017/ S0022 21511 40015 6X

Moreno-Sánchez, R., Rodríguez-Enríquez, S., Marín-Hernández, A., 
& Saavedra, E. (2007). Energy metabolism in tumor cells. The 
FEBS Journal, 274, 1393–1418. https:// doi. org/ 10. 1111/j. 1742- 
4658. 2007. 05686.x

Naples, J. G., & Ruckenstein, M. J. (2020). Cranial nerve stimulation 
in otolaryngology. Otolaryngologic Clinics of North America, 53, 
i. https:// doi. org/ 10. 1016/ S0030- 6665(19) 30209-9

O’Leary, S. J., Monksfield, P., Kel, G., Connolly, T., Souter, M. A., 
Chang, A., et al. (2013). Relations between cochlear histopa-
thology and hearing loss in experimental cochlear implantation. 
Hearing Research, 298, 27–35. https:// doi. org/ 10. 1016/j. heares. 
2013. 01. 012

Picard, F., Homo, F., & Duval, D. (1980). Effect of glucocorticoids 
on cholesterol synthesis in isolated mouse thymocytes. Journal 
of Steroid Biochemistry, 12, 253–258. https:// doi. org/ 10. 1016/ 
0022- 4731(80) 90275-7

Plontke, S. K., Götze, G., Rahne, T., & Liebau, A. (2017). Intrac-
ochlear drug delivery in combination with cochlear implants: 
Current aspects. HNO, 65, 19–28. https:// doi. org/ 10. 1007/ 
s00106- 016- 0285-9

Prenzler, N. K., Salcher, R., Timm, M., Gaertner, L., Lenarz, T., & 
Warnecke, A. (2018). Intracochlear administration of steroids 
with a catheter during human cochlear implantation: A safety and 
feasibility study. Drug Delivery and Translational Research, 8, 
1191–1199. https:// doi. org/ 10. 1007/ s13346- 018- 0539-z

Quesnel, A. M., Nakajima, H. H., Rosowski, J. J., Hansen, M. R., 
Gantz, B. J., & Nadol, J. B. (2016). Delayed loss of hearing after 
hearing preservation cochlear implantation: Human temporal bone 
pathology and implications for etiology. Hearing Research, 333, 
225–234. https:// doi. org/ 10. 1016/j. heares. 2015. 08. 018

Styczynski, M. P., Moxley, J. F., Tong, L. V., Walther, J. L., Jensen, 
K. L., & Stephanopoulos, G. N. (2007). Systematic identification 
of conserved metabolites in GC/MS data for metabolomics and 
biomarker discovery. Analytical Chemistry, 79, 966–973. https:// 
doi. org/ 10. 1021/ ac061 4846

Tappy, L., Randin, D., Vollenweider, P., Vollenweider, L., Paquot, 
N., Scherrer, U., et al. (1994). Mechanisms of dexamethasone-
induced insulin resistance in healthy humans. The Journal of 
Clinical Endocrinology and Metabolism, 79, 1063–1069. https:// 
doi. org/ 10. 1210/ jcem. 79.4. 79622 75

von Ilberg, C., Kiefer, J., Tillein, J., Pfenningdorff, T., Hartmann, R., 
Stürzebecher, E., et al. (1999). Electric-acoustic stimulation of the 
auditory system. New technology for severe hearing loss. ORL, 
61, 334–340. https:// doi. org/ 10. 1159/ 00002 7695

Warburg, O., Wind, F., & Negelein, E. (1927). The metabolism of 
tumors in the body. The Journal of General Physiology, 8, 519–
530. https:// doi. org/ 10. 1085/ jgp.8. 6. 519

Weinberg, S. E., & Chandel, N. S. (2015). Targeting mitochondria 
metabolism for cancer therapy. Nature Chemical Biology, 11, 
9–15. https:// doi. org/ 10. 1038/ nchem bio. 1712

Wong-Riley, M. T. T., Liang, H. L., Eells, J. T., Chance, B., Henry, 
M. M., Buchmann, E., et al. (2005). Photobiomodulation directly 
benefits primary neurons functionally inactivated by toxins: role 
of cytochrome c oxidase. The Journal of Biological Chemistry, 
280, 4761–4771. https:// doi. org/ 10. 1074/ jbc. M4096 50200

Young, J. D. (2013). Metabolic flux rewiring in mammalian cell cul-
tures. Current Opinion in Biotechnology. https:// doi. org/ 10. 1016/j. 
copbio. 2013. 04. 016

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1210/endo-107-5-1482
https://doi.org/10.1210/endo-107-5-1482
https://doi.org/10.1016/j.heares.2016.02.019
https://doi.org/10.1159/000071059
https://doi.org/10.1159/000071059
https://doi.org/10.1097/MAO.0000000000001686
https://doi.org/10.1097/MAO.0000000000001686
https://doi.org/10.1080/00016489850183386
https://doi.org/10.1159/000084023
https://doi.org/10.1016/j.ejim.2010.09.004
https://doi.org/10.1016/j.ejim.2010.09.004
https://doi.org/10.1016/j.heares.2015.06.010
https://doi.org/10.1159/000485310
https://doi.org/10.1038/s41598-018-22073-7
https://doi.org/10.1038/s41598-018-22073-7
https://doi.org/10.3389/fneur.2019.01377
https://doi.org/10.3389/fneur.2019.01377
https://doi.org/10.1016/j.wjorl.2017.12.008
https://doi.org/10.1016/j.wjorl.2017.12.008
https://doi.org/10.1186/1710-1492-9-30
https://doi.org/10.1186/1710-1492-9-30
https://doi.org/10.1007/s00405-015-3760-0
https://doi.org/10.1007/s00405-015-3760-0
https://doi.org/10.3390/ijms20133122
https://doi.org/10.3390/ijms20133122
https://doi.org/10.1017/S002221511400156X
https://doi.org/10.1111/j.1742-4658.2007.05686.x
https://doi.org/10.1111/j.1742-4658.2007.05686.x
https://doi.org/10.1016/S0030-6665(19)30209-9
https://doi.org/10.1016/j.heares.2013.01.012
https://doi.org/10.1016/j.heares.2013.01.012
https://doi.org/10.1016/0022-4731(80)90275-7
https://doi.org/10.1016/0022-4731(80)90275-7
https://doi.org/10.1007/s00106-016-0285-9
https://doi.org/10.1007/s00106-016-0285-9
https://doi.org/10.1007/s13346-018-0539-z
https://doi.org/10.1016/j.heares.2015.08.018
https://doi.org/10.1021/ac0614846
https://doi.org/10.1021/ac0614846
https://doi.org/10.1210/jcem.79.4.7962275
https://doi.org/10.1210/jcem.79.4.7962275
https://doi.org/10.1159/000027695
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1038/nchembio.1712
https://doi.org/10.1074/jbc.M409650200
https://doi.org/10.1016/j.copbio.2013.04.016
https://doi.org/10.1016/j.copbio.2013.04.016

	Metabolic reprogramming of inner ear cell line HEI-OC1 after dexamethasone application
	Abstract
	Introduction 
	Objective 
	Results and Conclusion 

	1 Introduction
	2 Methods
	2.1 Cell culture
	2.2 Sample preparation
	2.3 Instrumentation and data analysis

	3 Results
	3.1 Metabolic alterations in proliferating HEI-OC1 cells
	3.2 Metabolic alteration in differentiated HEI-OC1 cells

	4 Discussion
	Acknowledgements 
	References




