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ARTICLE INFO ABSTRACT

Keywords: Mitochondria are organelles of bacterial origin historically identified as the cell power plant. In addition to
Targeted metabolomics energy, mitochondria produce reactive oxygen species and they have been found to have a key role in cell de-
Hyperglycemia fense regulation, cell stress and damage. All the investigations regarding the nature of the molecules mediating
Erl;zlgg:;humd hippocampal neurons these processes include compounds from mammalian cell metabolism. We hypothesize that the bacterial origin of
Cell death mitochondria brings them to produce small fermentation products when cell is subjected to stress. In this work
3-Way PCA we studied the effect of hyperglycemia on the metabolome of hippocampal HN9.10e neurons, an in vitro model of

one of the most vulnerable regions of central nervous system. Targeted metabolites were analyzed in the cell
culture medium by liquid chromatography — diode array detection and headspace — gas chromatography — mass
spectrometry. Twenty-two low molecular weight metabolites were identified and quantified in the growth me-
dium of the cells, treated with 25, 50 or 75 mM glucose, sampled along 8 days to mimic a prolonged hyper-
glycemia. The results of statistical analysis showed the clear impairment of neuronal metabolism already after
48 h, represented by a significant reduction of the metabolic activity, together with the production of typical

fermentative compounds.

1. Introduction

Glucose is the main energy source of our brain, but its excess strongly
affects brain metabolism giving serious pathological consequences [1],
Cerebral glucose metabolism is tightly linked to neuronal metabolism
[2], likely because of the ATP-sensitive potassium (KATP) channels,
which are found in many excitable cells, including cardiac myocytes,
pancreatic fp cells, and neurons [3,4].

Cho et al. found that high glucose induced apoptosis in SH-SY5Y
neuronal cells via the mitochondria-dependent pathway due to the
mitochondria oxidative phosphorylation, cell death regulation, and ROS
production [5]. Macauley et al. reported that high glucose levels typical
of type 2 diabetes alter both hippocampal interstitial fluid Af levels and
neuronal activity in mice, acting as pharmacological manipulation of
KATP channels in the hippocampus. KATP channel activation mediates
the response of hippocampal neurons to hyperglycaemia by coupling
metabolism with neuronal activity [6]. Elevated extracellular glucose

* Corresponding author.

levels can invoke indeed rapid changes in neuronal excitability through
KATP channel closure and, thus, membrane depolarization [3].

Recent studies in primary cultured hippocampal neurons report that
high glucose (from 50 up to 150 mM) up to 96 h is the main factor of
diabetic cognitive impairment, and can cause hippocampus abnormal-
ities due to reactive oxygen species (ROS) generation [7]. In their work
Russell and co-workers indicate that 45 mM glucose levels induce in
neurons ROS production, mitochondrial membrane depolarization,
partial depletion of ATP, and activation of caspase-3 and -9 that pre-
cedes neuronal apoptosis [8]. Studies have demonstrated that hyper-
glycaemia arising from diabetes induces peripheral sensory neuronal
impairment and mitochondrial dysfunction [9]. Furthermore, there is
evidence that the hippocampal dysfunction in diabetic animals might
result in cognitive deficits and increases the risk of depression and de-
mentia [10].

It is known that in the central nervous system of many vertebrates,
including humans, the neurogenesis continues during the adulthood.
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This process has been well documented in neocortex, in striatum [11,
12], and, in particular, in hippocampus [13]. The hippocampal neuro-
genesis is required for learning and memory processes [14,15], and it is
also responsible for many different pathologies including mood disor-
ders, stress and epilepsy [16,17]. Thus, the specific conditions able to
influence the neurogenesis must be carefully addressed in the view that
their deregulation could increase the risk of abnormalities in cognitive
function.

Due to the role of hyperglycaemia in neurodegenerative diseases
[18], and to the severe damage of hippocampal region in this kind of
pathologies [19], the study of the effects of glucose in proliferating
neurons is of crucial importance. By contrast, these cells are still largely
uncharacterized from a metabolic point of view and the consequences of
an elevated glucose exposure remain mostly unexplored. The effect of
high-glucose environment on neuron metabolism was studied using
nuclear magnetic resonance (NMR)-based metabolomics in primary
neuron cultures to contribute to the understanding of the metabolic al-
terations and underlying pathogenesis of cognitive decline in diabetic
patients [20].

Despite the analysis of cell culture medium (CCM) has several limi-
tations, being limited to extracellular metabolites interchanged between
cells and CCM (uptake of substrates/excretion), recent exometabolome
studies of cell cultures have been reported [21-28]. The analysis of
extracellular metabolites in CCM of living cells it allow to monitor the
metabolic changes over time in the same cell culture, it guarantees a
minimal sample handling of cells, it reflects the metabolic activity of
cells in response to experimental perturbations without cell disruption.
In several conditions (e.g. adherent cell lines) the CCM can be rapidly
collected, diluted, filtered and analyzed, avoiding long and manifold
extraction procedures (e.g. cell lysis).

Recently we have investigated the metabolic implications on the
neuronal metabolism of HN9.10e cell line following a short and tran-
sient exposure to low thallium chloride doses, based on the chromato-
graphic analysis of CCM and on morphological and functional tests [29,
30]. The increased production of lactate and ethanol concentration was
found to be associated with signs of cellular deregulation such as neurite
shortening, loss of substrate adhesion, increase of cytoplasmic calcium,
dose-dependent alteration of mitochondrial ROS (mtROS) level and of
transmembrane mitochondrial potential (A¥m) [30]. The exometabo-
lomic profile of immortalized hippocampal neurons HN9.10e grown
under standard conditions was also assessed by reversed phase liquid
chromatography with diode array detector (RP-HPLC-DAD) method and
by solid phase microextraction -head space -gas chromatography -mass
spectrometry (SPME-HS-GCMS) for the study of volatile organic com-
pounds (VOCs) [31].

In this work we studied the effect of glucose concentration in hip-
pocampal HN9.10e neurons, a somatic fusion product of hippocampal
cells from embryonic day 18 C57BL/6 mice and N18TG2 neuroblastoma
cells [32]. This cell line shares many structural and functional features
with primary hippocampal neurons and, consequently, it is a reliable in
vitro model of one of the most vulnerable regions of central nervous
system [33]. Since HN9.10e is a well-characterized cell line from the
morphological and functional point of view, it allows a reliable evalu-
ation of minute metabolic alterations, which is currently missing in the
literature.

2. Materials and methods
2.1. Chemicals

Sulfuric acid for HPLC analysis was employed (30,743 Honeywell
Fluka 95-97%). Methanol for RP-HPLC was purchased from Merck
(34,860, >99.9%). Standard solutions for HPLC (TraceCERT, 1000 mg/L
in water) and ethanol (analytical standard for GC) were purchased from
Sigma Aldrich (Milan, Italy). All compounds had purity higher than 98%
and, thus, were used without any further purification. Analytes stock
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solutions were prepared by dissolving a weighed amount of the pure
compound in deionized water (MilliQ; 18.2 MQ em™! at 25 °C, Milli-
pore, Bedford, MA, USA) and stored at 4 °C up to 1 month in an amber
vial.

Solid Phase Micro-Extraction Fiber based on 85 pm carboxen/poly-
dimethylsiloxane (CAR/PDMS) were employed for the preconcentration
of ethanol in the HS.

Helium 5.6 IP was purchased from Sol Group Spa (Italy) and was
further purified with a super clean filter purchased from Agilent Tech-
nologies (USA) to remove water, oxygen and hydrocarbon
contaminants.

2.2. Cell culture of HN9.10e neuroblasts

Immortalized hippocampal neurons HN9.10e were a kind gift of Dr.
Kieran Breen, Ninewells Hospital, Dundee, UK [34]. HN9.10e cells were
grown in DMEM-F12 (1:1) medium HEPES buffered, supplemented with
4 mM t-glutamine, 50 Ul/mL penicillin and 50 mg/mL streptomycin, at
37 °C in humidified atmosphere containing 5% CO,. Cells, seeded at 20,
000 cell/cm? in culture flasks containing 5 mL of medium, were left in
culture for 4 days before treatments to allow substrate adhesion and
grown to an optimal 40% confluence. After this, they were incubated in
CCM containing 25, 50 or 75 mM glucose. To take account of variations,
two independent batches of cells were cultured for each glucose level.

The experimental design adopted as well as the names for the sam-
ples analyzed in this study are shown in Supplementary Table S1. To
investigate the effects of high glucose culture medium, the HN9.10e
hippocampal neuroblasts were incubated with three different doses of
glucose representing a 2 and 3-fold increase from baseline (25 mM
glucose). After 48 h of culturing in the basal condition (glucose 25 mM,
g25 Tx, withx=0,1,2,3,4,5and 6 fort =0h,48h,96 h, 120 h, 144 h,
168 h and 192 h, respectively), glucose was kept 25 mM in cell culture
medium (CCM) of control cultures and increased to 50 (g50_Tx), and 75
mM (g75_Tx). Two independent cell cultures for each glucose level were
grown. CCM containing the established glucose concentration was
collected and refreshed after the first 48 h and successively every 24 h up
to 192 h (8 days) after the beginning of the experiment.

2.3. Automated imaging of HN9.10e neuroblasts

Cell morphology and growth rate avoiding the metabolic alterations
were investigated using an inverted microscope (Axiovert 35, Carl Zeiss,
Oberkochen, Germany) equipped with Nomarski interference contrast
optics and 40x or 63x objectives that allowed to enhance the contrast of
unstained neurons in the cultures. This set up allowed us to monitor
growth and death events in unstained neuron cultures, without the need
for any dye or fluorescent probes. The neuronal staining would imply
indeed a long permanence of dyes in CCM, due to the extended sampling
and monitoring time (192 h). However, this could induce unpredictable
metabolic alterations, or even a certain degree of vitality loss.

The degree of cell confluence was evaluated by the automated
measure of the ratio [surface occupied by cells/cell-free surface] ob-
tained after the cell boundaries were determined with the standard
function “Edge Detection” of the MATLAB scientific software (The
MathWorks, Massachusetts, U.S.A.), adapted to the specific contrast
level and cell shapes of HN9.10e cultures. The measurements have been
performed in n = 5 independent, non-overlapping, fields (400 x 400
pm) for each dose of glucose and sampling time. In the initial condition
(TO), at a confluence value 0.4, each field contained, on average, 150
cells. The HN9.10e cell line (embryonic hippocampal neurons), devel-
oped by Lee H.J. et al., was a kind gift of Dr. Kieran C. Breen, Ninewells
Hospital & Medical School, Dundee DD1 9SY, UK.

2.4. Experiments to exclude an artifactual origin of CCM exo-metabolites

To rule out a possible artifactual origin of specific extracellular
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metabolites in CCM (such as ethanol and butyric acid, BA) several
control experiments were performed in different conditions. First, cell-
free CCM was incubated in sealed flasks (N = 3) at 37 °C for various
times, up to 25 days. Neither ethanol nor BA were detected in this
experimental condition, excluding that they may originate from CCM
degradation. Furthermore, to obtain strong evidence that HN9.10e
cultures are sterile and free from even the slightest bacterial contami-
nation, 500 pL of CCM from every experimental flask showing an
increased concentration of ethanol and/or BA were added to control
flasks containing 5 mL of fresh medium and incubated at 37 °C up to 25
days. Over such long times, any minimal bacterial contamination would
amplify and become evident. However, neither bacterial growth, nor
ethanol and BA were detected in the control flasks, excluding a bacterial
origin of these compounds.

All details on targeted metabolomics, data processing and statistical
analysis have been reported in the Supplementary Material, which in-
cludes Tables S2A, S2B and S2C.
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3. Results

3.1. Glucose influences the growth rate and viability of HN9.10e
neuroblasts

The effects of glucose on the neuronal growth were evaluated as
confluence fraction of the cell population, whose values are reported in
Fig. 1A and in Supplementary Table S1.

In 25 mM glucose cell, confluence (Fig. 1A) increased linearly with
time up to 192 h (T6). In hyperglycemic conditions (50 and 75 mM) a
higher growth rate, compared to the basal condition (25 mM), was
observed, as shown by the slope of the confluence fraction curve during
the first 96 h of treatment (T0-T2). Starting from 120 h (T3) the growth
rate (i.e. the first derivative of the curves shown in Fig. 1A) in glucose 50
and 75 mM decreased. In cultures treated with 75 mM glucose the cell
confluence decreased abruptly and significantly at 192 h (T6). Thus,
early hyperglycemia increased the rate of cell proliferation; later
(observed in our experiments only for 75 mM hyperglycemia, and even
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Fig. 1. Effect of glucose on growth rate and viability. A) Left panel: a representative image illustrates the typical cell contouring by the Matlab scientific software.
The ratio [surface occupied by cells/cell-free surface] is used to quantify cell density and growth rate in cultures incubated with 25, 50, 75 mM glucose. Right panels:
the cell confluence fraction for the different glucose concentrations. Each value represents the mean of the ratio [surface occupied by cells/total surface] measured in
n =5 independent, non-overlapping fields 400 x400 pm. B) Representative images of apoptotic HN9.10e neuroblasts in early (left panel) or late phase (middle panel),
arrow indicates a typical collapsed and fragmented nucleus. Right panel: apoptosis percentage for the different glucose concentrations. C) Left panel: typical necrotic
morphology: arrows point to HN9.10e neuroblasts dying for necrosis. Right panel: necrosis percentage for the different glucose concentrations. Raw data of
confluence, apoptotic and necrotic cells are reported in Supplementary Table S1. Apoptotic and necrotic cells were counted in the same fields in which confluence

was quantified. Stars indicate a p-value < 0.05 for one-way ANOVA comparison.
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later likely for experiments in 50 mM glucose) gave a drop in cell vitality
suggesting an enhanced cellular vulnerability in high glucose
conditions.

To investigate the role of cell death in this process, we performed a
specific analysis of the apoptosis and necrosis percentage in the different
experimental conditions. Apoptotic and necrotic cells were distin-
guished on the basis of their standard, well recognized, morphological
features [35]. The early phase of apoptosis is characterized by blebbing
of the plasma membrane without integrity loss, followed by cytoplasmic
shrinkage, nuclear collapse, and formation of pyknotic bodies of
condensed chromatin (Fig. 1 B left and middle panel). Necrotic cells
exhibit loss of membrane integrity and disaggregated appearance in
transmitted light microscopy (Fig. 1C left panel).

The apoptosis percentage was very low in each experimental group
(<0.01%) (Fig. 1B, right panel). A minimal apoptosis incidence is a
physiological phenomenon, corresponding to the normal cellular turn-
over of the culture. In 25 mM glucose the apoptosis percentage linearly
increased indeed with the confluence, and it typically reached the 0.01%
value for a 95-98% confluence. During the first 6 days (T0-T4), the
apoptosis percentage in cells treated with 50 and 75 mM glucose was
anyway higher compared to cells in control condition (25 mM). At T5-T6
the percentage of apoptotic cells in 25 mM glucose was higher than in
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hyperglycemic conditions: at T5 0.005% in 50 mM, 0.003% in 75 mM
compared to 0.007% in 25 mM glucose (4% relative standard deviation;
p < 0.001). Thus, in hyperglycemic conditions neuronal energetics was
still able to support the active process of apoptotic death, but especially
in 75 mM glucose at T6 apoptosis showed a drop and a rise of necrotic
cells.

In paralle.], the necrotic death, undetectable in any experimental
group until day 5 (T3), increased considerably in 50 and 75 mM glucose
beyond this time limit (Fig. 1C, right panel). The raise was gradual in 50
mM, exponential in 75 mM glucose, partially responsible for the sharp
drop of the cell confluence value at T6.

Based on these functional and morphological observations on the
cultures of HN9.10e living cells, we performed the exometabolome
screening in the CCM at the corresponding times.

3.2. Principal components analysis (PCA)

SPME-HS-GCMS and RP-HPLC-DAD methods were then applied for
targeted metabolomic analysis. Fig. 2(A) and (B) show representative
HS-SPME-GC-MS and HPLC-UV (220 nm), respectively, of CCM after
neuron culturing in 25 mM glucose at TO, 50 and 75 mM glucose at T1.

Mean concentration and standard deviation of the 22 quantified
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Fig. 2. A) Representative total ion SPME-HS-GC-MS chromatograms and B) HPLC-UV chromatograms at 220 nm, respectively, of CCM after neuron culturing in 25
mM glucose at TO (black line), 50 at T1 (purple line) and 75 mM glucose at T1 (red line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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metabolites are reported in Supplementary Table S3.

For statistical comparison, samples were divided in two sub-groups
(i.e. basal at TO, all grown in 25 mM glucose, versus CCM samples at
48 h, and CCM sampled from 48 h to 168 h). The sampling point at 192 h
(T6) was excluded from the analysis as the drop of cell confluency values
suggests the massive release of metabolites due to cell necrosis. Data
related to PCA scores and loadings are reported in Supplementary
Tables S4 and S5, respectively.

First, we compare samples at TO (gx_TO, see Table S1) with samples
at T1 = 48 h (gx_T1, see Table S1). All gx_TO samples grown in 25 mM
glucose represent the reference basal condition, while gx_T1 (x = 25, 50
or 75) samples had experienced equal or increasing glucose quantities.
Fig. 3 shows the PCA that showed a good separation along Dim1 (which
accounts for 76.5% of total variance) between cells grown in 25 mM
glucose with respect to those treated with 50 mM and 75 mM glucose.
The second dimension (12.5% of total variance) differentiated samples
treated with 50 mM glucose from those treated with 75 mM glucose,
while cells grown in 25 mM glucose and collected after 48 h (g25_T1)
clusterized with the respective basal (g25_T0). The analysis of the
loading plot showed that the three basal samples and g25_T1 are
strongly positively correlated with all the metabolites, except for
oxidized nicotinamide adenine dinucleotide (NAD™) (which is respon-
sible for the separation of g50_T1), butyric acid and ethanol (both
correlated with g75_T1).

PCA was also used to represent samples from gx_T1 to gx_T5 (x = 25,
50 or 75 mM), representing the temporal evolution of the three classes of
experiments at increasing glucose concentrations. Fig. 4 shows a clear
separation through the second dimension of all g75 samples with respect
to the others, while a weaker distinction appears along the first PC for
g25 and g50 samples. The latter seems more influenced by the temporal
evolution, the samples moving from right to left with increasing time, i.
e. for increasing time of permanence of cells in the corresponding me-
dium. The loading plot mostly reflects the same plot obtained in the
previous PCA. Here, the metabolites belonging to the TCA cycle (suc-
cinic acid, fumaric acid, propionic and citric acid) are positively corre-
lated among them and with the samples at 25 mM glucose analyzed after
48 (T1) and 96 h (T2), on the right side of score plot. With respect to the
results of the PCA reported in Figs. 3 and 4, here ethanol is strongly
correlated with NAD™ and with the samples treated with 50 mM glucose.
The hypothesis emerging from this analysis is that a high glucose con-
centration (i.e. 75 mM) induces a switching of HN9.10e neurons meta-
bolism toward alternative metabolic pathways involving, in the case
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investigated, the production of butyric acid. At lower glucose concen-
trations (i.e. 50 mM) an alteration of metabolic pathways typical of
normo-glycemic conditions likely occurs.

3.3. Three-way principal component analysis (3- way PCA)

PCA is generally not recommended to handle time-course data, since
they are non-independent. Here, PCA was used to have an overview of
the quality of the acquired data. However, considering that in our case
the same analyses have been performed on the same cell cultures on
different days, a third mode needs to be added to decompose metab-
olomic variations derived from time to those derived from glucose
treatment. A 3-way PCA by applying the Tucker 3 model was then
performed, which is particularly suitable for the management of three-
dimensional data, especially when samples are analyzed over time.
For a more complete treatment of this subject the reader should refer to
[36].

Our data set can be represented as a parallelepiped of size I x J x K,
where I is the number of tested glucose concentrations (objects, [ = 3), J
is the number of metabolites (variables, J = 22) and K is the number of
sampling times (conditions, K = 5). The final results of 3-way PCA are
three sets of loadings, which from a graphical point of view closely
follow the score plot of standard PCA and whose relationship is
described by a core array. Two principal components for each mode (i.e.
samples, variables and times) were retained, thus the final array is a
cube having dimension [2,2,2]. The total variance explained by the
Tucker model is 69.4%, which is fully satisfying considering the vari-
ability of biological systems. After body diagonalization, the following
core array is obtained:

811 8121 8112 8122
8211 8221 8212 8222
15.542 2.1486 —0.21391 —1.9009
0.76987 0.31494 —-5.1932 —6.5705

Despite the matrix does not show a super-diagonal structure, the
element g; 1,1 is by far the largest one, followed by the element g5 5 5.
This behaviour permits to display the three loading plots in a single
triplot (Fig. 5, analogously to PCA biplot) for the joint interpretation of
the first two components for each mode.

From Fig. 5, it can be noted that the points representing each sam-
pling time (T1-T5) are elongated on Axis 1 and that the distance between
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Fig. 3. Principal component 1 (Dim1) versus principal component 2 (Dim2) score and loading plot based on the result of principal component analysis performed for
TO and T1 samples (basal: blue; 25 mM glucose: yellow; 50 mM glucose: grey; 75 mM glucose: red). Percentage in the axis indicates the fraction of variance explained

by each principal component.
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Fig. 5. Triplot resulting from 3-way PCA applied to the T1-T5 dataset (conditions = sampling times; objects = glucose concentration; variables = metabolites). The
evolution of each metabolic perturbation over time is directly interpretable from time loading.

the five points is not equal, similarly to the score plot of PCA. Three
clusters can be identified as T1, T2 and T3-T4-T5. A possible interpre-
tation is that the kinetics of the metabolic changes due to glucose

treatment is not constant for each time lapse.

The points related to glucose treatment (25 mM glucose, 50 mM
glucose and 75 mM glucose) are spread along Axis 2, with the conditions
at higher glucose concentration (50 and 75 mM) more closely related
between them with respect to the control at 25 mM. It must be noticed
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that 3-way PCA could detect the glucose effect much more efficiently
than standard PCA.

Most of the variables are influenced neither by time along Axis 1 nor
by glucose concentration along Axis 2 (their coordinates in the PC space
are almost zero), with the exception of butyric acid and 1-cysteine which
appear oppositely correlated along Axis 2 (butyric acid is correlated
with high glucose while r-cysteine is correlated with low glucose), and
NAD" and ethanol, whose loadings are higher for Axis 1, i.e. they
became significant for longer treatments (T3-T5) with 50 mM glucose.

Two-way mixed ANOVA was used to evaluate the interaction be-
tween glucose treatment (i.e., the between-subjects factor) and time (i.
e., the within-subjects factor) in explaining the extracellular metabolites
release. Fig. 6 shows the time dependent box plots of NAD" and butyric
acid together with the results of pairwise comparisons following two-

Anova, F(10,15) = 4.32, p = 0.006, 1 = 0.62
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way mixed ANOVA analysis, which resulted in a significant factors
interaction. The same plot is reported for all cases in Supplementary
Information (Fig. S1) where a statistically significant interaction be-
tween glucose treatment and time was detected.

4. Discussion

The effects of a high glucose environment on metabolome have been
reported for cell lines from pancreas (BRIN-BD11 and INS-1E) [37], liver
(HepG2) [38], and kidneys (HK-2) [39-41]. In the studies mentioned,
25 mM was the maximum concentration of glucose employed to treat
the cells, with respect to a physiological glucose concentration in the
plasma equal to 5.5 mM [42].

Due to the serious neurological complications associated with
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pathologies as diabetes, we propose here the HN9.10e hippocampal
neuroblasts as model line to study hyperglycaemia metabolic effects.
The experimental conditions here adopted do not allow HN9.10e neu-
roblast differentiation since, due to the frequent change of CCM, the
endogenously produced neurotrophins and growth factors cannot reach
the optimal concentration required to trigger the differentiation process.
Hence the cultures, remaining undifferentiated, represent a reliable in
vitro model of proliferating hippocampal neuroblasts. The choice of
examining the exometabolome instead of cell lysates is due to the
relative simplicity of measuring over time and in the same cultured cells
the variations of chemical composition in CCM, which rapidly provides
the response of cells to external stimuli with a minimal perturbation of
cell system [22,24,28].

Adherent neuronal cells are usually grown in the Dulbecco’s Modi-
fied Eagle Medium (DMEM) containing 25 mM glucose, which in most of
the studies dealing with neuroblasts represents a consolidated basal
condition, because of the high metabolic rates of neuroblasts [43]. The
high energy demand in neurons results from their neurotransmitter
functions linked with continuous depolarization/repolarization cycles of
5-50 Hz frequency. The maintenance of this basal neuronal function,
especially in culture neurons, requires marked energy expenses for the
restoration of membrane potential [44]. Liu et al. verified that the
osmolality of glucose solutions between 25 and 150 mM being between
260 and 320 mOsm/kg, did not exert any effect on cell normal meta-
bolism [7].

In this work in addition to the basal concentration of 25 mM glucose,
we investigated the effects of 50 mM and 75 mM glucose, to study the
occurrence of an eventual cellular metabolic shift.

We found that the cell viability in HN9.10e cells exposed to 75 mM
glucose decreased remarkably after 8 days, compared to basal group, in
agreement with previous studies [7]. Differential interference contrast
microscopy evidenced that the sharp drop of cell viability of g75_T6
group is due to a massive necrosis process, suggesting that long-term
exposure to high glucose concentrations could impair the mitochon-
drial function [7-9,45]. Other forms of cell death, such as necroptosis
triggered by inflammation, induced by hyperglycemia, cannot be
excluded [46-48].

Multivariate analysis and detailed metabolite level measurement
showed that the treatment with high doses of glucose induced a decrease
of the concentration of several metabolites of TCA cycle, which despite
being intracellular intermediates were found in the CCM. A reasonable
hypothesis is the release of these metabolites in the extra-cellular me-
dium by means of the monocarboxylate (MCTs), di- and tri-carboxylate
transporters [49,50].

The results obtained from 3-way PCA, which is a statistical technique
suitable for the analysis of time-series, confirmed that neuronal cells
have dose-dependent characteristic metabolic features, depending on
glucose concentration level. This observation is in agreement with the
results found in glucose-stimulated HK-2 cell by Wei et al. [41], which
correlated the increase of glycolysis and glucose oxidation with char-
acteristic  metabolic changes, including the increase of
lactate-to-pyruvate ratio and the suppression of TCA cycle.

In HN9.10e hippocampal neuroblasts exposed to moderately high
glucose levels (i.e. 50 mM) ethanol production was strongly stimulated
with respect to basal condition, and NAD" levels increased, but the
levels of these metabolites seemed more related to exposure time rather
than to the glucose level in CCM. The delay in the ethanol production
agrees with our previous observation [29], and it could be related to an
ancestral “safety procedure” [51], which allows the cells to proliferate
also when lactate concentration increases because mitochondrial func-
tion is effectively or apparently compromised [52] or in hypoxic envi-
ronments, recovering the energy for cell survival converting lactate in
ethanol [53,54]. It is known that the mitochondrial pyruvate decar-
boxylase (EC 4.1.1.1, a thiamine pyrophosphate and
magnesium-dependent enzyme) and the cytosolic ADH permits in some
species of fish (including goldfish and carp) to perform ethanol
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fermentation (along with lactic acid fermentation) when oxygen is
scarce [55]. The activity of ADH is at least 100-fold higher than that of
pyruvate decarboxylase. In this way the acetaldehyde produced by py-
ruvate decarboxylase is not accumulated because it is fast converted into
ethanol [55]. In neuronal cells ADH is not expressed and the enzymes
involved in ethanol/acetaldehyde conversion are catalase and Cyto-
chrome P450 2E1 (CYP2E1), which belongs to P450 family [56]. These
enzymes are typically involved in ethanol detoxification [57]. It cannot
be excluded that one or both these enzymes may work also to produce
ethanol as previously reported [29].

The increase of NAD" is consistent with its recognized role in
neuronal survival, mitochondrial function, metabolism and ageing, and
in the activation of a salvage pathway in neurons [58-62]. The increase
of glycolysis enhances, as well, NADH oxidation to NAD", inducing an
adaptive shift in energy metabolism [63].

The most outbreaking result obtained in this work is the detection of
high levels of butyric acid (BA), which was the main metabolite
increasing after treatment with 50 and 75 mM glucose (Fig. 6). Butyrate
is produced by several fermentation processes of obligate anaerobic
bacteria with the production of 3 molecules of ATP for each glucose
molecule. Other pathways to butyrate include succinate reduction and
crotonate disproportionation. It is universally accepted that mammalian
cells do not produce butyrate. In humans the only significant sources of
butyrate are the gut microbiota and the ingestion of dairy products. It is
known, as well, that the treatment of neurons with BA and its derivates
(e.g. gamma-amino butyric acid, GABA or drugs) gives significant
metabolic alterations (oxidative stress, altered calcium homeostasis,
neurite retraction, apoptosis) according to the recent findings related to
the so called gut-brain axis [64-67]. All these results refer to the effects of
exogenous BA, i.e. BA administered to cell cultures or produced by in-
testinal bacteria.

The increase of BA found in this work is related to the endogenous
production of BA by HN9.10e neurons metabolism. Currently, we have
no proven explanations on the mechanism or mechanisms that were
involved in the production of BA by primary hippocampal neurons. This
issue requires further investigation. We might hypothesize that this in-
crease is related to the balance in neurons between pentose phosphate
pathway (PPP) and glycolysis. Once trapped in cells as glucose-6-
phosphate, glucose may go through glycolysis, PPP or it can be
employed for the glycogen synthesis [68]. However, neurons are not
able to synthesize glycogen [69,70], thus, glucose trapped in neurons as
glucose-6-phosphate is mainly processed through the oxidative branch
of the PPP. This pathway is the main producer of reducing equivalents in
the form of NADPH. In normoglycemic conditions NADPH is used to
regenerate reduced glutathione, which is the main ROS scavenging
agent in neurons and it is employed, in less extent, to synthesize fatty
acids.

In the early stage of hyperglycemic conditions, glycolysis is pushed
by excess substrate, and neurons undergo oxidative stress with a high
production of ROS [7]. Later, hyperglycaemia likely induces a metabolic
reprogramming in a “Warburg-like” phenotype, switching from oxida-
tive phosphorylation to glycolysis, TCA cycle suppression, and redi-
recting glucose as glucose-6-phosphate through the PPP as “safety
procedure” to increase NADPH production [71]. The linear decrease of
TCA cycle metabolites concentration over the time at the three glucose
doses (Fig. S1), confirms the metabolic switch. This metabolic reprog-
ramming is found in several diseases related to oxidative stress, likely
triggered by mitochondrial dysfunction and massive ROS production
[71].

The excess of glucose-6-phosphate and the consequent high con-
sumption of NADPH in the first steps might avoid the elongation of short
fatty acids. The hypothetical inhibition of the elongation steps could
bring to BA release from butyryl-ACP by a thioesterase enzyme. As BA is
well known to modulate gene expression due to its action as a histone
deacetylase [72,73], and it is responsible for neuronal damage observed
in short-chain acyl-CoA dehydrogenase deficiency (SCADD) [71], high
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concentration levels of BA may be responsible for oxidative damage and
mitochondrial dysfunction and massive cell death observed at 192 h.

Considering the bacterial origin of mitochondria [74], it can be hy-
pothesized that any response of cell to stress agents that involve an
alteration of energetic metabolism (high glucose concentration in this
study, thallium contamination investigated in previous ones [29,30])
recalls ancestor mechanisms to preserve cell vitality.

Fig. 7 shows potential pathways that involve the metabolites deter-
mined in HN9.10e cell lines and that significantly increases or decreases
their extracellular concentration, assuming specific or aspecific trans-
port outside the cells. Figs. 6 and S3 show the enlargement of the time
dependent plots of some key metabolites for an easier inspection.

t-Tyrosine, 1-Phenylalanine and L-Tryptophan are precursor of i-
Glutamic Acid, the main excitatory neurotransmitter of the mammal
brain [75], dopamine, a monoamine neurotransmitters involved in the
stability of hippocampus-dependent memory [81], and several neuro-
active compounds (such as 5-hydroxytryptamine, kynurenines and
melatonin) [82,83], respectively. Neutral, branched 1-Leucine is known
to be involved in the neuronal signaling process [76], and in the in
regulation of glutamate levels [84]. Lactic acid, the main metabolite of
CCM after cell culturing, may derive from glucose and r-Glutamine
metabolism [77]. Glycolic or hydroxy acetic acid derives from gastro-
intestinal yeast overgrowth, bacterial species or dietary sources con-
taining glycerol [78]. However, in eukaryotic cells glycolic acid could
arise from 1-Glycine and glyoxylate metabolism through glyoxalases
[78-80]. In addition to glycolate, intermediate glyoxylate can be
metabolized to formate and oxalate and CO5 [78]. Acetoacetate is one of
the main ketone bodies produced during ketogenesis. Its high concen-
tration in CCM, as well as the high concentration of acetic acid, is sug-
gestive of an excess of acetyl-CoA and it should protect against oxidative
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glutamate toxicity [85,86].

HS-SPME-GC-MS data are reported in Table S3. With the exception of
ethanol, any variations detected in VOCs levels could not be related to
the treatment with glucose but rather to cell ageing.

5. Conclusions

The number of metabolomics studies applied to cell-cultures is still
low if reported to the plenty of existing literature on animal models or
human body fluids [27], and the available data in this area are often
fragmented. Although Seahorse analysis [87] and other specific assays
to determine ROS, Ca'* release and the mitochondrial potential will
complement this study, the results herein reported represent a tile in the
exploration of cell metabolome, aiming to clarify with a simple targeted
approach the unbalances deriving from high-glucose environments in
HN9.10e immortalized neurons.

This work allowed us to find two main metabolites that increase in
HN9.10e cultured immortalized cell line in hyperglycemic conditions:
NAD" and butyric acid. These two molecules are known to act as
signaling molecules and suggest (i) a hyperglycemia-induced switch of
neuronal metabolism toward glycolytic pathway as energetic source and
toward pentose phosphate pathway as “safety procedure” to increase
NADPH production; (ii) an “attempt” of fatty acid synthesis due to the
excess of acetyl-CoA. The metabolic alteration is evidenced only by a
sudden, massive cell death classified as necrosis after 192 h, which re-
flects serious mitochondrial damage due to ROS accumulation, in
agreement with previous metabolomic studies on the effects of glucose
on different cell lines from hippocampus.
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