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Abstract

Astrocytes are the most abundant cell type in the brain and crucial to ensure the metabolic supply of neurons and their
synapse formation. Overnutrition as present in patients suffering from obesity causes astrogliosis in the hypothalamus. Other
diseases accompanied by malnutrition appear to have an impact on the brain and astrocyte function. In the eating disorder
anorexia nervosa (AN), patients suffer from undernutrition and develop volume reductions of the cerebral cortex, associated
with reduced astrocyte proliferation and cell count. Although an effect on astrocytes and their function has already been
shown for overnutrition, their role in long-term undernutrition remains unclear. The present study used primary rat cerebral
cortex astrocytes to investigate their response to chronic glucose starvation. Cells were grown with a medium containing
a reduced glucose concentration (2 mM) for 15 days. Long-term glucose starvation increased the expression of a subset of
pro-inflammatory genes and shifted the primary astrocyte population to the pro-inflammatory A1-like phenotype. Moreover,
genes encoding for proteins involved in the unfolded protein response were elevated. Our findings demonstrate that astrocytes
under chronic glucose starvation respond with an inflammatory reaction. With respect to the multiple functions of astrocytes,
an association between elevated inflammatory responses due to chronic starvation and alterations found in the brain of patients
suffering from undernutrition seems possible.
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Introduction astrogliosis is a protective response to handle acute stress,
to limit tissue damage and to restore brain homeostasis

Astrocytes are the most abundant cell type in the brain and ~ (Myer et al. 2006). This is achieved by glutamate uptake,

fulfill many tasks to ensure physiological processes in the
healthy brain. These include the physical and metabolic
support of neurons as well as the reaction to injury of
the central nervous system and synapse formation and
modulation (Sofroniew and Vinters 2010). After brain
injury or during neurological diseases, astrocytes undergo
a transformation into a so-called reactive state resulting
in astrogliosis (Liddelow and Barres 2017). Primarily,
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free radical scavenging, neurotrophin release, and by
reducing the damage induced by inflammatory reactions
to a restricted area by scar formation (Chen and Swanson
2003). Extensive scar formation can, however, inhibit axon
regeneration and other adaptive mechanisms to recover
proper physiological functions (Zhang and Barres 2010).
Astrogliosis is accompanied by altered expression of a set of
genes, for example glial fibrillary acidic protein (GFAP) or
several cytokines as well as by morphological and functional
changes of astrocytes (Sofroniew 2014). Reactive astrocytes
can be differentiated into at least two phenotypes (Liddelow
et al. 2017; Zamanian et al. 2012). An Al-like astrocyte
appears pro-inflammatory and can be toxic to neurons and
oligodendrocytes; an A2-like astrocyte is neuroprotective,
upregulates neurotrophic genes, and promotes neuronal
survival (Liddelow and Barres 2017).

Another important function of astrocytes is to guarantee
the metabolic supply of neurons and the regulation of
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glucose uptake into cerebral microvessels (Kacem et al.
1998) while sensing changes of glucose levels of the brain
(Allard et al. 2014). Neurons need high levels and a constant
supply with glucose to maintain their proper metabolic
function (Mergenthaler et al. 2013). Astrocytes can store
small amounts of glycogen which they, if necessary, break
down to glucose and metabolize to lactate (Falkowska et al.
2015). To fulfill this functional characteristic, astrocytes
are highly metabolically flexible and can rapidly upregulate
glycolysis. In the event of an undersupply, astrocytes thus
ensure the survival and function of neurons by providing
lactate (Kasischke et al. 2004; Pellerin and Magistretti
1994).

It was recently shown by using rat models for anorexia
nervosa (AN) that undernutrition has a clear impact
on astrocytes and, in consequence, potentially on brain
homeostasis (Frintrop et al. 2018, 2019; Reyes-Haro
et al. 2016). Another study has presented evidence that
overnutrition in patients suffering from obesity leads to
micro- and astrogliosis in the hypothalamus (Thaler et al.
2012). A link between astrocytes, inflammatory reactions,
and the progression of the respective eating disorder appears
among other factors likely, since the hypothalamus is
important for coordinating satiety and hunger (Bruch 1993;
Garcia-Céceres et al. 2019).

A dysregulation of the unfolded protein response
(UPR), for example in astrocytes, is also known to play a
role in the development of metabolic diseases like obesity
and diabetes (Feng et al. 2009; Yang et al. 2017). UPR is
needed to prevent an accumulation of misfolded proteins
in the endoplasmic reticulum (ER); otherwise, a condition
known as ER stress is initiated (Hetz 2012). It is involved
in the regulation of the glucose metabolism by switching
the metabolic activity of the mitochondria from glucose
to lipid metabolism (Piperi et al. 2016). The lack of UPR-
associated activation transcription factor 6 (ATF6) increases
neuronal cell death after brain ischemia probably due to a
reduced astrocyte activation (Yoshikawa et al. 2015). In
drosophila melanogaster, the UPR is believed to shift the
metabolism from oxidative phosphorylation to glycolysis
via the activating transcription factor 4 (ATF4) (Lee et al.
2015). These data suggest a close relationship between
the UPR, metabolic activity, and diseases associated with
malnutrition.

AN is a psychiatric illness characterized by a severe
undernutrition leading to an insufficient energy intake
(American Psychiatric Association 2013; Herpertz-
Dahlmann 2015). It is often accompanied by mild
hypoglycemia, which is usually asymptomatic (Mattingly
and Bhanji 1995). As a consequence of starvation, brain
volume loss was found in patients with AN (Seitz et al.
2014, 2016) linked to neuropsychological and learning
deficits (Buehren et al. 2011; Castro-Fornieles et al.

2010). Moreover, brain volume loss of the cerebral cortex
and corpus callosum (CC) was shown by our group in an
experimental animal model for AN called activity-based
anorexia (ABA). The observed brain volume reduction was
accompanied by a decrease in GFAP-positive astrocytes
as well as by reduced GFAP mRNA levels (Frintrop et al.
2018, 2019). Previous studies had already shown reduced
learning in ABA animals after chronic starvation (Paulukat
et al. 2016). Despite these findings, there is only sparse
information available on alterations of the astrocytes
themselves and which functional consequences these
alterations and reduced numbers of astroglia may have on
brain and synaptic physiology in the ABA rat model and
patients with AN.

In this study, we aimed at establishing an in vitro model
to investigate the effects of long-term glucose semi-
starvation on primary rat cerebral cortex—derived astrocytes.
In contrast to previous studies dealing with acute starvation
ranging from 30 min to 48 h (Hara et al. 1989; Lee et al.
2016; Pauwels et al. 1985), a chronic model of semi-
starvation lasting for 15 days will be used. Moreover, our
research strategy goes far deeper into the cellular aspects
and responses of starvation than the previous studies.
This relates to our recent in vivo studies using an ABA
rat model of starvation, where we could demonstrate that
cerebral cortex astrocytes are mainly reduced under chronic
starvation conditions and thus potentially contribute to brain
volume loss as shown by MRI analysis (Frintrop et al. 2018,
2019). Since astrogliosis is a common feature of metabolic
diseases associated with malnutrition, we specifically
analyzed the expression of genes associated with the Al
and A2 phenotype, pro-inflammatory pathways, and UPR.

Methods
Primary Cell Cultures

All animals used in this study were acquired and cared
for in accordance with the Federation of European
Laboratory Associations (FELASA) recommendations.
Primary astrocyte cultures were obtained from the
cerebral cortex and adjacent white matter of 1-3-day-old
Wistar rat pups (Janvier Labs, France). Briefly, the pups
were decapitated, the brains dissected, and the meninges
removed. The tissues were incubated in ice-cold HEPES
buffer and homogenized mechanically in 10 mL ice-cold
Dulbecco’s modified Eagle’s medium (DMEM; 41966029,
GibcoTM, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal calf serum (10270-106,
GibcoTM, Thermo Fisher Scientific, Waltham, MA, USA),
50 U/mL penicillin, and 50 pg/mL streptomycin (15140-
122, GibcoTM, Thermo Fisher Scientific, Waltham,
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MA, USA) (DMEM10%) with a 10-mL and a 1-mL
pipette. To obtain a single cell suspension, the cells were
strained through a 70-um cell strainer. The suspension
was centrifuged at 800xg for 5 min. The supernatant
was discarded, and the cells were re-suspended in 10 mL
DMEM10% pre-heated to 37 °C. The cells were seeded
on poly-L-ornithine (PLO)-(P0671, Sigma-Aldrich, St.
Louis, MO, USA)-coated flasks and incubated at 37 °C
and 5% CO,. The flasks were not moved for the next
4 days. Afterward, other glial cell types were eliminated
by shaking the flasks at 37 °C for 2 h at 120 rpm and
discarding the old medium. The astrocyte culture was
passaged two times by application of 0.1% trypsin (15090-
046, GibcoTM, Thermo Fisher Scientific, Waltham, MA,
USA) in 2% EDTA/PBS (8043.2, Carl Roth GmbH,
Karlsruhe, Germany). During the whole experiment,
medium was changed every 3 days until the cell layer
became confluent. In passage 3, the cells were used for
experiments. After the third sub-culturing, the cells were
treated with medium containing decreasing concentrations
of glucose. We used the following concentrations: 25 mM
which is the glucose concentration used in standard,
commercial DMEM, 2 mM which is slightly under the
physiological glucose concentration of the rat brain
(2.4+0.1 mM), expected to induce chronic undernutrition
but not massive cell death (Silver and Erecinska 1994)
and 0 mM as a positive control. DMEM without glucose
(11966025, GibcoTM, Thermo Fisher Scientific, Waltham,
MA, USA) was supplemented with 0.5% fetal calf serum,
pyruvate (11360-039, GibcoTM, Thermo Fisher Scientific,
Waltham, MA, USA), penicillin, and streptomycin. To
obtain a 25-mM glucose medium, a corresponding amount
of p-glucose (X997.2, Carl Roth GmbH, Karlsruhe,
Germany) was added. Then, the medium was filtered
sterile. The 2-mM medium was prepared by an appropriate
dilution of the 25-mM medium with 0 mM basal medium.
The experiments lasted a total of 15 days. Samples were
taken every 3 days.

Cell Viability and Metabolic Activity Assay

To investigate cell viability and metabolic activity, the
CytoTox 96® non-radioactive cytotoxicity assay (G1780,
Promega, Madison, WI, USA) and the CellTiter-Blue®
cell viability assay (G8081, Promega, Madison, WI, USA)
were used according to the manufacturer’s instructions.
Astrocytes were seeded in a 96-well opaque-walled tissue
culture plate (655090, Greiner Bio One International,
Kremsmiinster, Austria) and treated with different glucose
concentrations as previously described. One group of cells
was treated with lysis solution to serve as lysis control,
whereas the medium without cells served as blank control.
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Measurements were conducted with a Tecan infinite
M200 plate reader and processed with the i-control 1.10
software. Experiments were performed with two biological
and eight technical replicates each.

Immunofluorescence Labeling and Morphological
Characterization

For immunofluorescence labeling, cells were fixed with
3.7% paraformaldehyde (CP10.2, Carl Roth GmbH,
Karlsruhe, Germany). For permeabilization of cell
membranes, cells were treated with 0.2% Triton X-100
(3051, Carl Roth GmbH, Karlsruhe, Germany) in 1X
PBS for 15 min. Then, cells were exposed to blocking
buffer (1% BSA and 2% FCS in PBS) to block nonspecific
binding sites for 1 h. Cells were incubated overnight at
4 °C with an anti-GFAP antibody diluted in blocking buffer
(concentration: 1:1000, ab4674, Abcam, Cambridge, UK).
The next day, the secondary antibody conjugated with
fluorescent dye Alexa 594 (concentration: 1:500; A-11042,
InvitrogenTM, Thermo Fisher Scientific, Carlsbad, CA,
USA) was applied. Cell nuclei were counterstained with
Hoechst 33342 (H3570, InvitrogenTM, Thermo Fisher
Scientific, Carlsbad, CA, USA). Since GFAP staining does
not depict the entire cell cytoplasm/surface of an astrocyte,
but only the GFAP-positive parts, we additionally used
differential interference contrast (DIC) microscopy to
confirm the morphology. DIC microscopy is a technique
to better visualize specimens with little or no contrast
by producing a pseudo 3D effect (Keevil and Walker
1992). The GFAP-positive cell area and the area visible
through a DIC filter match very well as shown in Fig. lc.
Fluorescence and DIC images were taken with a Leica
DMI 6000 B microscope (Leica Biosystems).

For morphological characterization, a ramification
index was calculated (Becker et al. 2018). The ramification
index is used to determine the morphological appearance
and changes of glia cells (Eder et al. 1999; Heppner et al.
1998). It is based on the assumption that microglia and
astrocytes are identified as resting if they have small soma
as well as thin and ramified processes. Activated glia
cells on the other hand show hypertrophy with retracted
processes (Rinaldi et al. 2015). Therefore, the projection
area (Ap) (Fig. 1a) and the cell area (Ac) (Fig. 1b) were
measured using ImageJ 1.48v (National Institutes of
Health, USA). The following formula was used:

Cellarea A,

Projection area A,

Ap is defined as the area that include the cells’ most
prominent processes (Fig. 1a). Resting astrocytes are
characterized by small cell bodies and long ramified
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2] projection area (Ap)

Fig. 1 Analysis of astrocyte morphology (n=2). The projection area
(Ap) a and the cell area (Ac) b were measured. Ap is defined as the
area that includes the cells’ most prominent processes. Ac describes

processes resulting in small cell areas and large
projection areas, whereas activated cells show a nearly
identical projection and cell area due to hypertrophy of
somata and processes (Becker et al. 2018; Rinaldi et al.
2015). Therefore, the ramification index for activated
cells converges to 1. Experiments were performed with
two biological and three technical replicates each.

RNA Extraction and Real-Time Quantitative PCR

RNA was extracted using peqGold RNA TriFast
according to manufacturer’s instructions (30-2010, VWR,
Germany). RNA concentration and purity was measured
with a NanoDrop 1000 device (PeqLab, Germany). To
synthesize cDNA, the Moloney Murine Leukemia Virus
Reverse Transcriptase (M-MLV) RT-kit (28025-021,
Thermo Fisher Scientific, Waltham, MA, USA) and
random hexanucleotide primer (48190-011, Thermo
Fisher Scientific, Waltham, MA, USA) were used. The
concentration of total RNA was adjusted to 1 pug/mL.
Gene expression was measured using RT-qPCR and the
MylIQ detection system (Biorad, Germany). The relative
quantification of RNA expression was calculated using
the AACt-method. The relative amount of the target
gene was divided by the relative amount of the reference
gene CycloA. For miRNA 155-5p, the averaged, relative

b cell area (Ac)

the area which is actually occupied by a cell. To confirm the mor-
phology, DIC images of GFAP stained cells were taken ¢. GFAP-pos-
itive cell area and the area visible through DIC filter match very well

amounts of 103-3p and 107-3p were used as reference
genes. For each day of measuring, the respective 25 mM
condition was used as a control and set to 100%. The
sequences of the primers used in this study are listed in
Table 1.

Protein Isolation, SDS-Page, and Western Blot

Protein was isolated after semi-starvation by homogenizing
cells in RIPA buffer which consists of 150 mM NaCl
(27810.295, VWR, Germany), 1% (v/v) Nonidet P-40
(74385, Sigma, Igepal, CA), 0.1% SDS (sodium dodecyl
sulfate) (4360.2, Carl Roth GmbH, Karlsruhe, Germany),
0.5% sodium deoxycholate (D6750-256, Sigma, Igepal,
CA), and 50 mM Tris—HCI (9090.3, Carl Roth GmbH,
Karlsruhe, Germany), supplemented with Complete
Mini, a protease inhibitor cocktail (11836170001, Roche
Diagnostics, Grenzach-Wyhlen, Germany). The pH was
adjusted to 8.0. Protein concentration was measured
with the PierceTM BCA Protein Assay kit (23225,
Thermo Fisher Scientific, Waltham, USA) according to
the manufacturer’s instructions. Fifteen micrograms of
protein per lane was loaded on a 12% (v/v) discontinuous
sodium dodecyl sulfate-polyacrylamide gel and separated
by electrophoresis (SDS-PAGE). Afterward, the
proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane (03010040001, Roche Diagnostics,
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Table 1 List of primers used in Primer Sequence Product size (bp)?* ATP (°C)
the study
ATF4 5" GCTCTTCACGAAACCCAGCA 3’ 129 62
3" CCAACACTTCGCTGTTCAGGA 5’
ATF6 5' TTCTTCAACTCAGCACGTTCC 3’ 124 60
3’ AGGCTTCTCTTCCTTCAGTGG 5’
Bax 5" CATCCAGGATCGAGCAGAGAG 3’ 112 65
3" CAATTCGCCTGAGACACTCG 5'
Bcl2 5" AAGCCGGGAGAACAGGGTAT 3’ 107 65
3' CGCGGAGTCTTCATCTCCAG 5'
C3 5" ACTGGTCAACATGGGGCAGT 3’ 108 60
3’ TCGAAACTGGGCAGCACGTA 5'
CHOP 5’ TGTTGAAGATGAGCGGGTGG 3’ 108 65
3' GCTTTCAGGTGTGGTGGTGT 5'
Cx43 5" GGTGTCCTTGGTGTCTCTCG 3’ 79 64
3' CTTCACGCGATCCTTAACGC 5’
CycloA 5' GGCAAATGCTGGACCAAACAC 3’ 196 65
3' TTAGAGTTGTCCACAGTCGGAGATG 5’
IL1p 5' TGGCAACTGTCCCTGAACTC 3’ 170 62
3’ GTCGAGATGCTGCTGTGAGA 5'
1L6 5' GGTCTGTTGTGGGTGGTATCC 3’ 101 60
3' CCAGTTGCCTTCTTGGGACT 5’
NLRP3 5' TCTGTTCATTGGCTGCGGAT 3’ 314 65
3' GCCTTTTTCGAACTTGCCGT 5’
Psmb8 5' CGGGACACTACAGTTTCTCCGT 3’ 128 64
3' GCCGTGCGCCATTTCAATCT 5'
S100a10 5' CCCTCTGGCTGTGGACAAAAT 3’ 100 60
3’ AATGATGAGCCCCGCCACTA 5’
Slc2al 5" TGGCGGCGGTCCTATAAAAA 3’ 92 62
3’AGACCCTGCAACCTAAACCG 5'
Slc2a2 5" ACACCAGCACATACGACACCA 3’ 137 60
3’AGCCACCCACCAAAGAACGA 5'
TNFa 5" GGAGGGAGAACAGCAACTCC 3’ 168 64
3' TCTGCCAGTTCCACATCTCG 5’
sXBP1 5" TGCTGAGTCCGCAGCAGGTG 3’ 169 60
3’ GCTGGCAGACTCTGGGGAAGSS *
tXBP1 5" GAAAGAAAGCCCGGATGAGC 3’ 147 60
3' TCCCCAAGCGTGTCCTTAAC 5’
103-3p 5' GCAGAGCAGCATTGTACAG 3’ - 57
3" GGTCCAGTTTTTTTTTTTTTTTCATAG 5’
107-3p 5" GCAGAGCAGCATTGTACAG 3’ - 56
3" GGTCCAGTTTTTTTTTTTTTTTGATAG 5'
155-5p 5" CGCAGTTAATGCTAATTGTGATAG 3’ - 55

3" AGGTCCAGTTTTTTTTTTTTTTTACC 5’

3pp = base pairs, AT = annealing temperature

Grenzach-Wyhlen, Germany). The membranes were
blocked with 5% skimmed milk at room temperature and
then incubated overnight at 4 °C with an anti-CHOP or anti-
ATF4 antibody (concentration: 1:1000, sc-7351/sc-390063,
Santa Cruz Biotechnology, Dallas, TX, USA) diluted in
milk. After washing the membranes in TBS-T (0.15 M
NaCl, 50 mM Tris—HCL, 0.05% Tween 20 (9127.1, Carl
Roth GmbH, Karlsruhe, Germany)), they were incubated
with horseradish peroxidase—conjugated secondary antibody
for 2 h at room temperature. The results were visualized
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by the enhanced chemiluminescence method (ECL Plus;
32109, Thermo Fisher Scientific, Waltham, MA, USA) and
a standard protocol. As a loading control, the membranes
were incubated with an antibody against p-actin (1:5000,
sc-1616, Santa Cruz Biotechnology, Dallas, TX, USA).

Data Analysis

In total, eight independent in vitro experiments (independent
platings =n) were performed with 2 wells each per
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group unless otherwise stated. The exact number n for
the respective experiments is given in the legends of the
figures. All data are indicated as arithmetic means + SEM.
The Shapiro-Wilk test was performed to test for normal
distribution. If normal distribution was not given, data were
transformed using Box-Cox with an optimal A. Statistical
differences were evaluated by two-way analysis of variance
(ANOVA) followed by Holm-Sidak’s post hoc test using
GraphPad Prism 8 (GraphPad software). Differences
between the groups with p <0.05 are considered statistically
significant.

Results

Treatment of astrocytes with a positive control medium
containing 0 mM glucose led to an elevated cytotoxicity
on days 6 and 9 in comparison with the 25 mM and
2 mM conditions (Fig. 2a). The metabolic activity was
massively reduced from day 3 onward (Fig. 2b). After the
administration of medium with 2 mM glucose, cells showed
an increased cytotoxicity only on day 6 (Fig. 2a), whereas
the general metabolic activity was not significantly affected

at any time point (Fig. 2b). We assume that semi-starvation
triggers distinct vulnerability of cells which are already
hampered from the start of cultivation, and starvation then
adds the final droplet. In favor of this idea is the fact that this
process comes to a standstill after 9 days. Since dying cells
are replaced by, although at this stage, lower mitotic rates,
the metabolic activity as a total does not seem to be affected.
Both glucose concentrations (25 mM and 2 mM) did
apparently not differ much in their effectiveness with respect
to cytotoxicity and metabolic activity (except for cytotoxicity
at day 6). Therefore, we used the 25 mM and 2 mM glucose
conditions for all further experiments. Gene expression
of the apoptotic markers Bax and Bcl2 was slightly but
not significantly increased in the semi-starved astrocytes
(Fig. 2c¢, d) confirming the results of the LDH assay.
Glucose starvation affected the morphology of primary
astrocytes (Fig. 3). After treatment with medium containing
25 mM glucose for 15 days, most of the astrocytes retained
small cell bodies with long and slender processes (Fig. 3a).
This phenotype typically defines a resting state (Prah et al.
2019). Astrocytes grown with a medium containing 2 mM
glucose showed hypertrophic soma and processes (Fig. 3b).
The ramification index calculated by the ratio of the cell area

a 40- b 150-
cd 25mM
% 30 " > I d 2mM
Z‘E i %(_3100-1 I T & I 1 I & 0mM
S 8 " © ‘g o
3 .2 20- £ 8
IS w25
35 g8 50 ot
s 104 IS I it il i
0- 0 1 1 1 | 1 . 1 i-
3d 6d 9d 12d 15d 3d 6d 9d 12d 15d
C Bax d Bcl2
250 250+
= S 3 25mM
S 200 5 200 = 2mM
< <
8 150 8 1504
kS ks
5 100+ S 100
5 504 2 504
3 3
0 1 1 1 1 1 0 1 1
3d 6d 9d 12d 15d 3d 6d 9d 12d 15d

Fig.2 Effect of chronic glucose starvation on cytotoxicity a and meta-
bolic activity b in cultured primary rat astrocytes. Treatment with
medium containing 0 mM glucose increased the LDH release and
decreased the metabolic activity. Both parameters were not affected
under growing conditions using 2 mM glucose except for a significant
increase of cytotoxicity at day 6. Measurements of the gene expres-

sion levels of the apoptotic markers Bax ¢ and Bcl2 d showed no
significant differences. Data represents the means+SEM from two
independent experiments (n=2) for the assays and three experiments
(n=3) for the RT-gPCR. **p<0.01 compared to 25 mM, #*5 <0.001
compared with 25 mM and 2 mM
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Fig.3 Effect of chronic glucose starvation on cell morphology in
cultured primary rat astrocytes indicated by an immunofluorescence
staining with GFAP a—c and a RT-qPCR of connexin 43 d. Under
chronic glucose starvation, the astrocyte morphology changed from a
resting state with small cell bodies and long, slender processes a to
a reactive state with broad cell bodies and short processes b. Under
2 mM glucose conditions, the ratio of the cell area and the projec-

(Ac) divided by the projection area (Ap) was significantly
increased from day 9 onwards under 2 mM glucose
conditions (Fig. 3c). Expression of the gene of connexin
43 (Cx43), an integral part of gap junctions (Nagy and
Rash 2000), tended to be reduced from day 9 on, reaching
significance on day 12 in cells exposed to the 2 mM glucose
medium compared with the 25 mM condition (Fig. 3d).

In the next set of experiments, we analyzed the expression
levels of genes associated with inflammation including
NOD-, LRR- and pyrin domain-containing protein 3
(NLRP3); interleukin 1p (IL1p); interleukin 6 (IL6); tumor
necrosis factor alpha (TNFa); and the microRNA (mi-RNA)
155-5p. NLRP3 and IL1b were high at the beginning of
culturing under both conditions but then stepwise decreased
(Fig. 4a, b). NLRP3 and IL1p were not differentially affected
under 2 mM glucose conditions compared with 25 mM
glucose. The pro-inflammatory gene IL6 was significantly
elevated at days 6 and 15 and showed a trend to an induction
on days 3, 9, and 12 under 2 mM glucose conditions
(Fig. 4c), whereas the expression of TNFa was not changed
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expression of control [%]

Cx43
200+
0O 25mM

150 08 2mM
100
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3d 6d 9d 12d 15d

tion area converged toward 0.5 from day 9 onward c. The expression
of the gene encoding connexin 43 was reduced in astrocytes treated
with medium containing 2 mM glucose on day 12 d. Data represent
the means + SEM from two independent experiments (n=2) for the
GFAP staining and three experiments (n=3) for the RT-qPCR. *, **,
*#*%p <0.05; p<0.01; p<0.001 compared with 25 mM

(Fig. 4d). The mi-RNA 155-5p expression was increased on
days 6 and 15 (Fig. 4e).

We further studied genes related to the different astrocytic
phenotypes, i.e., Al and A2, under the different glucose
conditions. The pro-inflammatory Al marker C3 was
significantly higher expressed in semi-starved astrocytes
on day 15, whereas the gene expression of Psmb8 was
nominally but not significantly increased at all studied time
points (Fig. Sa, b). S100a10, a typical anti-inflammatory A2
marker, was significantly reduced from day 6 onward under
2 mM conditions (Fig. 5c). A1/A2 ratios of those genes
showed a clear shift toward the A1 phenotype under semi-
starvation conditions (Fig. 5d, e).

We investigated the cellular UPR response under semi-
starvation by studying the expression of the UPR-associated
genes. Gene expression of ATF4 was significantly increased
at all measured time points under 2 mM glucose conditions
(Fig. 6a). The induced C/EBP homologous protein (CHOP)
showed significantly increased gene expression from day 9
onward under semi-starvation (Fig. 6b). At the protein level,
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Fig.4 Effect of chronic glucose starvation on expression levels of
genes associated with inflammation in cultured primary rat astro-
cytes. Under chronic glucose starvation, NLRP3 a and IL1f3 b gene
expression showed a trend to be elevated on day 3 under 2 mM glu-
cose conditions. Chronic glucose starvation doubled the gene expres-
sion of IL6 on days 3, 6, 9, and 15, becoming significant on days 6

CHOP was detectable after 6 days and ATF4 after 9 days of
semi-starvation (Fig. 6¢). ATF6 was significantly elevated
on days 6 and 12 (Fig. 6d). The other days in culture, we
found a tendency toward higher expression levels under
2 mM conditions. The gene encoding the spliced version
of X-box binding protein 1 (sXBP1) revealed a significant
induction on day 6 and a tendency toward an induction
on day 15 (Fig. 6e). The total amount of XBP1 (tXBP1)
was increased at all measured time points in semi-starved
astrocytes (Fig. 6f).

In a last step, we measured the gene expression of the
glucose transporters GLUT1 (gene: Slc2al) and GLUT2
(gene: Slc2a2). The expression of both mRNAs showed a
slight but not significant increase under the 2 mM condition
(Fig. 7a, b). Slc2al was stepwise induced (Fig. 7a), whereas
Slc2a2 initially declined and then returned to basal level
afterward from day 6 onwards (Fig. 7b).

Discussion

In the present study, we investigated the long-term effect
of reduced glucose concentration on astrocytes to better
understand the alterations and functions of astrocytes in
the brain under food deprivation as seen in eating disorders
like AN. Consistent with previous studies in patients

and 15 ¢ in the 2 mM glucose conditions. The expression of TNFa
was not statistically influenced at any time point d. The expression
of mi-RNA 155-5p was significantly increased at days 6 and 15 e.
Data represent the means + SEM from three independent experiments
(n=3). *, ** **¥p <0.05; p<0.01; p<0.001 compared with 25 mM

suffering from AN and the ABA animal model, we could
demonstrate an effect of long-term semi-starvation on
brain cells. Astrocytes react to glucose deprivation with an
inflammatory response. This response is characterized by
elevated pro-inflammatory cytokines and genes associated
with the inflammasome. Furthermore, a shift toward
the pro-inflammatory Al-like phenotype and an altered
morphology indicate an increased reactivity. An elevated
UPR points toward further stress responses associated
with semi-starvation. These findings further extend our
understanding of the underlying cellular pathophysiology
of semi-starvation and point to a role of inflammatory
processes in the brain.

In our in vitro model, we reduced the glucose concentration
in an astrocyte culture to 2 mM instead of 25 mM over 15 days.
It has already been shown that a reduction of the glucose
concentration leads to a hunger situation in astrocytes. Astroglia
can store small amounts of glycogen which they can metabolize
in case of a deficiency of glucose (Kreft et al. 2012). Using
an astrocyte in vitro model, a significantly reduced glycogen
storage has been demonstrated after 60 min without glucose
(Dringen et al. 1993; Dringen and Hamprecht 1993). Even
after culturing with reduced glucose concentrations of 2 mM,
rat astrocytes show a significantly reduced amount of glycogen
compared with astrocytes supplied with 22 mM glucose medium
(Abe et al. 2006).
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Fig.5 Effect of chronic glucose starvation on the expression levels
of genes related to the Al and A2 phenotype in cultured primary rat
astrocytes. Under chronic glucose starvation, the gene expressions of
Al markers Psmb8 a and C3 b showed increases that were signifi-
cant for C3 at day 15, whereas the gene expression of the A2 marker
S100al0 was significantly decreased c¢ in astrocytes treated with

In our study, an increased ramification index indicates
morphological changes and an increased reactivity of
astrocytes under semi-starvation. Similar alterations were
found in the hippocampus of young female rats in the
dehydration-induced anorexia model (Reyes-Haro et al.
2016). The increased expressions of vimentin and nestin in
the hippocampus of these animals also point to an elevated
number of reactive astrocytes (Reyes-Haro et al. 2016).

Gene expression of Cx43 was decreased on day 12 in
the semi-starved astrocytes. Cx43 is the main component
of gap junctions in astrocytes in the CNS (Nagy and Rash
2000) and enables the transport of glucose and other
small compounds within the astrocytic network (Allard
et al. 2014). A decreased expression of this protein would
clearly influence glucose and lactate distribution and could
possibly limit the supply of neurons (Clasadonte et al. 2017).
Therefore, we searched for a functional parameter which
might follow the observed morphological changes (“function
follows form™). However, there was no clear-cut evidence.
Nevertheless, we think this information is important, since it
shows that the astrocyte network despite low nutrition seems
to be intact in vitro.

In the same context, the expression of glucose transporters
was examined. No significant differences in gene expression
levels were found for the two glucose transporters GLU1
and GLU2 which are expressed on astrocytes (Arluison
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2 mM glucose from day 6 onward. The ratios of these genes showed
a clear shift to a Al-like phenotype in the semi-starved astrocytes d,
e. Data represents the means + SEM from three independent experi-
ments (n=3). *, *¥* *¥¥p<(0.05; p<0.01; p<0.001 compared with
25 mM

et al. 2004; Maher et al. 1994). However, a gradual
induction can be observed in the course of the experiment.
Increased expression of glucose transporters occurs with
an undersupply of glucose as a compensatory mechanism
(Koepsell 2020). Such a response could also take place in
our semi-starvation model and might be the underlying
mechanism behind the slowly increasing expression of
glucose transporters during culturing.

Our results showed an increased expression of pro-
inflammatory cytokines and genes associated with the
inflammasome. IL1p and NLRP3 gene expression levels
are initially high and then decrease in the course of
culturing in the 2-mM condition and become stable at a
certain level. This could reflect the initial handling of cells
to bring them into culture. This particularly means that
astroglia at the beginning of culturing become somehow
activated since a number of cells die during the first days
and release toxic compounds such as damage-associated
molecular patterns (DAMPs) which in turn activate the
inflammasome system of astrocytes (Vénéreau et al. 2015).
This lasts for a few days and then comes to a homeostasis.
Importantly, the starvation does not further boost or prolong
this phenomenon. In addition, the expression of mi-RNA
155-5p was significantly increased after 12 days. In general,
mi-RNA can affect more than one target gene/mRNA (Cai
et al. 2009). mi-RNA 155-5p is particularly interesting in
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Fig.6 Effect of chronic glucose starvation on the expression lev-
els of genes related to the unfolded protein response (UPR) in cul-
tured primary rat astrocytes. Chronic glucose starvation significantly
increased gene expression rates of ATF4 a, CHOP b, ATF6 d and
XBP1 in its spliced version (sXBP1) e as well as the amount of total
XBP1 (tXBP1) f in cells grown with 2 mM glucose. At the pro-

our starvation model, since it is involved in the regulation of
glucose metabolism (Lin et al. 2016). Furthermore, mi-RNA
155-5p expression is decreased in the blood of diabetes
mellitus patients and in a mouse model of obesity (Gaudet
et al. 2016; Polina et al. 2019). In vitro, the expression of
mi-RNA 155-5p was decreased after 48 h serum starvation
in human peripheral blood mononuclear cells (Rahmani
et al. 2018). In addition, the mi-RNA 155-5p is known
to be involved in the regulation of the inflammasomes.
It indirectly affects NLRP3 expression by inhibiting the

9d

tein level, CHOP was measureable from day 6 and ATF4 from day
9 onward in the semi-starved cells ¢. Data shows the means + SEM
from three independent experiments (n=3) for the gene expression
and representative results for the protein level. *, *¥, *¥%p<(.05;
p<0.01; p<0.001 compared with 25 mM

adapter protein MyD88 (Boxberger et al. 2019), which is
needed for priming of NLRP3 (Kalliolias and Ivashkiv 2016;
Latz et al. 2013). In this way, elevated mi-RNA 155-5p can
inhibit MyD88, prevent the formation of an inflammasome,
and counteract a pro-inflammatory reaction. At the same
time, the pro-inflammatory cytokine IL6 was significantly
induced on day 15. The differences in the expression pattern
of the cytokines could be explained by different induction
pathways. IL1p is mainly activated via pathogen-associated
molecular patterns (PAMPs) and in combination with
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Fig.7 Effect of chronic glucose starvation on the expression levels of
glucose transporters in cultured primary rat astrocytes. Glucose semi-
starvation did not significantly alter the gene expression of GLUT1

inflammasomes (Lopez-Castejon and Brough 2011). IL6
on the other hand is additionally activated by DAMPs and
other cytokines like TNFa (Tanaka et al. 2014). One of these
other activation pathways could explain the induction of IL6
expression on days 6 and15, while the expression of NLRP3
and IL1p remains suppressed probably due to the inhibition
by mi-RNA 155-5p. Increased pro-inflammatory cytokine
expression fits to findings in patients suffering from AN.
These studies showed an elevated expression of IL6, IL1f,
and TNFa in the blood of patients with AN (Dalton et al.
2018; Solmi et al. 2015). Similar increases of IL6 and IL1
gene expressions were found in the hippocampus of young
female rats in the dehydration-induced anorexia model
(Ragu-Varman et al. 2019). Astrocytes in vitro showed
cell impairment and death due to long-term exposure to
IL1p and TNFa (van Kralingen et al. 2013). A mild but
chronic neuroinflammation occurring during semi-starvation
possibly contributes to the astrocyte loss measured in cortex
and corpus callosum of female rats in a starvation model
(Frintrop et al. 2018).

Models of other diseases already showed that increased
inflammation may be important in development and
progression of diseases. The inhibition of MyD88 by
mi-RNA 155-5p has been shown to alleviate depressive-like
behavior in rats (Jia et al. 2018), a common comorbidity of
AN (Marucci et al. 2018). It is known that pro-inflammatory
cytokines are sufficient to induce symptoms of depression in
patients and that IL1p as well as IL6 play a prominent role
in this mechanism (Maes et al. 2009).

In our study, we could demonstrate a significantly
increased expression of CHOP, a gene associated with the
UPR. An elevated level of CHOP expression was found in an
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(gene: Slc2al) and GLUT2 (gene: Slc2a2). Data represents the
means + SEM from three independent experiments (n=3)

animal model of depression (Timberlake et al. 2018). Since
CHOP and related UPR are able to induce the expression of
IL1pP and can cause inflammatory reactions, a connection
between the increased UPR and the inflammatory reaction
in depression seems possible (Endo et al. 2006; Kim et al.
2008). In addition to depression, impaired learning has been
demonstrated in patients with AN as well as the ABA animal
model (Green et al. 1996; Paulukat et al. 2016). Increased
UPR, as we found in this study, has already been shown
to be associated with impaired learning (Moreno et al.
2012). Inhibition of ATF4 expression, which is significantly
induced in semi-starved astrocytes in our model, increases
learning and memory abilities in wild-type mice (Sidrauski
et al. 2013). Furthermore, ATF4 prevents expression of
genes mediated by cAMP response element-binding protein
(CREB) which is probably necessary for long-term memory
formation, synaptic plasticity, and behavioral learning (Chen
et al. 2003). One of the proteins mediated by CREB is the
brain-derived neurotrophic factor (BDNF) (Esvald et al.
2020) which was found to be decreased in patients suffering
from AN (Brandys et al. 2011). In an in vitro model of
astrocytes, it was demonstrated that an over-activation of
the UPR pathway including ATF4 and CHOP generates
a reactive state in astrocytes that alters the composition
of proteins expressed by these cells, resulting in loss of
function in synapses (Smith et al. 2020).

Cell culture models have previously been used to study
diseases associated with aberrant nutrient intake, e.g., diabetes,
and obesity. Diabetes is a disease associated with phases of
severe hypoglycemia (Yale et al. 2018). In an in vitro model
of diabetes, short but severe glucose deprivation leads to death
of neurons. An inhibition of the pathway expressing ATF4
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and CHOP prevents this neuronal death (de la Cadena et al.
2014). Excessive activation of UPR can cause cell death by
producing apoptotic proteins (Hetz et al. 2006). This might
explain why inhibition of UPR avoids neuronal damage.
In astrocyte cell cultures, the release of apoptotic proteins
is caused by inflammation (Guthrie et al. 2016). In another
in vitro study of diabetes, recurrent hypoglycemic phases lead
to a shift from glucose metabolism to fatty acid oxidation in
human primary astrocytes (Weightman Potter et al. 2019).
The same effect was shown after prolonged inflammation
induced by LPS stimulation in astrocytes in vitro (Robb
et al. 2020). In addition, XBP1 regulates components of the
glucose metabolism and lipogenesis. Therefore, a comparable
influence is attributed to this protein (Piperi et al. 2016). Since
we found an inflammatory reaction as well as an increased
expression of tXBP1 and a time-specific induction of the
sXBP1, a similar effect might occur during the long-term
semi-starvation in our experiments.

In contrast to AN or diabetes, obesity is characterized
by an oversupply of nutrients. Nevertheless, increased
inflammation and UPR in astrocytes, as found in our
study of semi-starvation, are also important in this form of
malnutrition. Treatment with long-chain fatty acids induces
an inflammatory response in an in vitro astrocyte model of
obesity (Gupta et al. 2012). In the blood of patients with
obesity, high levels of free fatty acids provoke ER stress
which induces low but chronic inflammation (Boden
2009). In animal models of obesity and type 2 diabetes,
hypothalamic astrocytes undergo structural changes in the
form of synapses loss of neurons (Horvath et al. 2010) which
are associated with chronic hypothalamus inflammation due
to high-fat diet (Cai and Liu 2011).

The hypothalamus is an important structure related to
the physiological regulation of various metabolic processes
as well as implicated in the development and dysregulation
in disease. Hypothalamic astrocytes are crucial for sensing
nutrients and hormones (Garcia-Caceres et al. 2016; Kim
et al. 2014). Astrocytes express receptors for ghrelin and
leptin (Frago and Chowen 2017; Kim et al. 2014) which play
an important role in the development of hunger and the feeling
of satiety (Yeung and Tadi 2020). In obesity, it is presumed
that neuroinflammation triggered by astrocytes attenuates
the leptin signal, leading to an increased feeling of hunger
and subsequently weight gain (Garcia-Caceres et al. 2013)
despite the fact that blood leptin levels of obesity patients
are high (Considine et al. 1996). A similar effect could also
occur in patients with AN who show increased blood ghrelin
levels (Otto et al. 2001). Since ghrelin receptors are expressed
by hypothalamic astrocytes (Frago and Chowen 2017), an
inflammatory reaction triggered by these cells could possibly
influence the ghrelin sensing in underweighted patients.
This assumption is supported by the presence of increased
inflammatory parameters in patients with AN (Dalton et al.

2018; Solmi et al. 2015) and an increased cytokine expression
as demonstrated in our model of semi-starved astrocytes. For
all these reasons, metabolic inflammation and the concomitant
increased UPR have been associated with the progression and
severity of metabolic diseases.

Conclusion

There is good evidence that an aberrant intake of nutrients
causes cellular stress reactions. It seems to be irrelevant
whether the trigger is undernutrition as in our case or
overnutrition as in obesity. Astrogliosis and increased UPR
has been demonstrated previously to play an important role
in the metabolic diseases diabetes and obesity as well as
in depression. Here, we showed morphological and genetic
evidence for pro-inflammatory astrocyte subtype-induction
and increased UPR responses indicating that inflammatory
processes are a relevant factor in undernutrition. How these
inflammatory processes might be involved in astrocyte
reduction found in the ABA model of AN needs to be
evaluated in further experiments.
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