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A B S T R A C T

Sepsis is characterized by a severe and disseminated inflammation. In the central nervous system, sepsis pro-
motes synaptic dysfunction and permanent cognitive impairment. Besides sepsis-induced neuronal dysfunction,
glial cell response has been gaining considerable attention with microglial activation as a key player. By contrast,
astrocytes’ role during acute sepsis is still underexplored. Astrocytes are specialized immunocompetent cells
involved in brain surveillance. In this context, the potential communication between the peripheral immune
system and astrocytes during acute sepsis still remains unclear. We hypothesized that peripheral blood mono-
nuclear cell (PBMC) mediators are able to affect the brain during an episode of acute sepsis. With this in mind,
we first performed a data-driven transcriptome analysis of blood from septic patients to identify common fea-
tures among independent clinical studies. Our findings evidenced pronounced impairment in energy-related
signaling pathways in the blood of septic patients. Since astrocytes are key for brain energy homeostasis, we
decided to investigate the communication between PBMC mediators and astrocytes in a rat model of acute sepsis,
induced by cecal ligation and perforation (CLP). In the CLP animals, we identified widespread in vivo brain
glucose hypometabolism. Ex vivo analyses demonstrated astrocyte reactivity along with reduced glutamate
uptake capacity during sepsis. Also, by exposing cultured astrocytes to mediators released by PBMCs from CLP
animals, we reproduced the energetic failure observed in vivo. Finally, by pharmacologically inhibiting phos-
phoinositide 3-kinase (PI3K), a central metabolic pathway downregulated in the blood of septic patients and
reduced in the CLP rat brain, we mimicked the PBMC mediators effect on glutamate uptake but not on glucose
metabolism. These results suggest that PBMC mediators are capable of directly mediating astrocyte reactivity
and contribute to the brain energetic failure observed in acute sepsis. Moreover, the evidence of PI3K partici-
pation in this process indicates a potential target for therapeutic modulation.

1. Introduction

Sepsis is characterized by a severe and disseminated systemic

inflammation as a result of a microorganism invasion in the blood-
stream. In this inflammatory scenario, the activation of the peripheral
immune system also affects brain function. Reports have demonstrated
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that sepsis impairs the brain even earlier than other organs, which in-
creases morbidity and mortality rates in this condition (Michels et al.,
2015; Young, 2010; Ziaja, 2013). Moreover, long-term brain dysfunc-
tion is commonly observed in sepsis-survivors (Iwashyna et al., 2010).
However, key systemic features triggering brain impairment during
acute sepsis are still elusive. In this context, it has been suggested that
glial cells have a significant role in mediating the crosstalk between
systemic immune signals and the central nervous system (CNS)
(Bellaver et al., 2017; Michels et al., 2015; Richards et al., 2015).

In the acute phase of sepsis, inflammation is coordinated by the
innate immune system. In this scenario, the activation of peripheral
blood mononuclear cells (PBMCs), is thought to play an important role
in orchestrating this immune response as PBMCs actively change their
transcriptomic and secretory profile (Godini and Fallahi, 2018;
Ransohoff et al., 2015; Tang et al., 2009), being able to release med-
iators to the affected sites, which include the brain (Ransohoff et al.,
2015). Additionally, an elevated rate of PBMC infiltration into the CNS
under inflammatory conditions was previously demonstrated
(Kyrkanides et al., 2008). Based on this, it is very likely that infiltrated
PBMCs, or their mediators, are capable of activating brain immune
cells, such as microglia and astrocytes. In this way, recent evidence
suggests a potential microglial-independent direct activation of astro-
cytes by PBMCs (Horng et al., 2017; Richards et al., 2015). When ac-
tivated, astrocytes overexpress the astrocytic glial fibrillary acidic
protein (GFAP) and undergo morphological changes, becoming reactive
(Sofroniew, 2009).

Astrocytes are important regulators of brain homeostasis. They di-
rectly modulate glutamatergic neurotransmission by taking up gluta-
mate from the synaptic cleft trough highly efficient glutamate trans-
porters (Souza et al., 2019). Astroglial glutamate transport is suggested
as a main signaling trigger for glucose uptake in astrocytes (Pellerin and
Magistretti, 2012). In fact, glutamate transport activation via glutamate
transporter-1 (GLT-1) increases glucose metabolism in vivo as indexed
by [18F]fluorodeoxyglucose ([18F]FDG) positron emission micro-tomo-
graphy (microPET) (Zimmer et al., 2017). Therefore, it suggests that
[18F]FDG signal also reflects astrocyte metabolism, reinforcing a central
participation of these glial cells in brain energy metabolism (Nortley
and Attwell, 2017; Zimmer et al., 2017).

Based on this, this study is intended to evaluate the crosstalk be-
tween peripheral mediators and astrocytes during the acute phase of
sepsis. We hypothesized that peripheral immune signals sent by PBMCs
are capable of triggering astrocyte reactivity and, consequently, im-
pacting brain energetic metabolism.

2. Material and methods

2.1. Microarray data acquisition, differential gene expression (DEG) and
enrichment analysis

Human blood expression datasets from 250 healthy subjects and
277 sepsis patients were obtained from the Gene Expression Omnibus
repository (GEO) (http://www.ncbi.nlm.nih.gov/geo/). Table 1 sum-
marizes the data from the 10 selected GEO datasets used in this study.
All transcriptomic analyses were implemented in an R statistical en-
vironment. Differential expression analysis was computed for each da-
taset independently, using the LIMMA package (Ritchie et al., 2015),
and considering FDR-adjusted p-value<0.05 as DEG criteria. Only
genes significantly expressed in more than 7 datasets were included in
further analyses. Hierarchical clustering of DEGs median logFC was
constructed using Euclidean distance and Ward́s hierarchical agglom-
erative clustering criterion (Murtagh and Legendre, 2014). Finally,
functional enrichment analyses of gene ontology (GO) biological pro-
cesses and KEGG pathways were computed using the cluster Profiler
and GOplot packages (Yu et al., 2012).

2.2. Chemicals

DNase and LY 294002 were obtained from Sigma-Aldrich (St. Louis,
MO, USA). TRIzol Reagent, Dulbecco’s modified Eagle’s medium/F12
(DMEM/F12), and other materials for cell culture were purchased from
Gibco/Invitrogen/Thermo (Carlsbad, CA, USA). Polyclonal anti-GFAP
was purchased from Dako (Carpinteria, CA, USA). Monoclonal β-actin
and 4,6-diamino-2-phenylindole (DAPI) were purchased from Millipore
(Billerica, MA, USA). Alexa Fluor® 488 (Amax= 493; Emax=519)
conjugated AffiniPure antibodies were purchase from Jackson
ImmunoResearch (West Grove, PA, USA). L-[3H]-glutamate, 2-Deoxy-
D-[1,2-3H]glucose ([3H]2DG), nitrocellulose membrane and ECL kit
were from Amersham. All other chemicals were purchased from
common commercial suppliers.

2.3. Animals

Adult male Wistar rats (90 days old) were divided into two groups:
sham (n=13; bodyweight= 375 ± 36 g) and CLP (n=14; body-
weight= 390 ± 34 g). Newborn rats (1–2 days old) were used for ex-
perimental primary astrocyte cultures (n=40). All animals were ob-
tained from our breeding colony (Department of Biochemistry, UFRGS,
Porto Alegre, Brazil), maintained in a controlled environment (12 h
light/12 h dark cycle; 22 ± 1 °C; ad libitum access to food and water).
All animal experiments were performed in accordance with the
National Institute of Health (NIH) Guide for the Care and Use of
Laboratory Animals and the Brazilian Society for Neuroscience and
Behavior recommendations for animal care. The experimental protocols
were approved by the Federal University of Rio Grande do Sul Animal
Care and Use Committee.

2.4. Cecal ligation and perforation (CLP) in Wistar rats

For induction of systemic inflammation, male Wistar rats were
subjected to CLP as previously described (Petronilho et al., 2012). Rats
were anesthetized with a mixture of ketamine and xylazine, given in-
traperitoneally. A 3 cm midline laparotomy was performed to allow
exposure of the cecum with the adjoining intestine. The cecum was
tightly ligated with a 3.0 nylon suture at its base, below the ileocecal
valve, maintaining bowel flow continuity, and was perforated once
with a 14-gauge needle. The cecum was then gently squeezed to extrude
a small amount of fecal material from the perforation site and then
returned to the peritoneal cavity. The laparotomy was closed with 4.0
nylon sutures and the rats were returned to their cages. Animals were
resuscitated with normal saline (50mL/kg subcutaneously) im-
mediately and 12 h after CLP. In the sham-operated group, rats were
submitted to all surgical procedures but the cecum was neither ligated
nor perforated. In absence of antibiotic therapy, the mortality rate in
this model was 100% after 72 h. All in vivo and in vitro analyses were
performed after 24 h. of CLP when there was no mortality but the an-
imals were lethargic, presenting piloerection, diarrhea, huddling along
with an increase in BBB permeability (Supplementary Fig. 1). After
surgery, no differences in food intake between groups were identified.

2.5. Micro-PET brain scan

Twenty-four hours after surgical induction of sepsis, the animals
from each group (sham n=13 and CLP n=14) were individually
anesthetized using a mixture of isoflurane and medical oxygen (3–4%
induction dose), and injected with 0.4mL [18F]FDG
(sham=38.05 ± 1.06MBq and CLP=37.56 ± 1.08MBq) in the tail
vein, after overnight fasting. Then, each rat was returned to its home
cage for a 40min period of conscious (awake) in vivo metabolism of
[18F]FDG. After the uptake period, each rat was placed in a head-first
prone position and scanned with the Triumph™ micro-PET [LabPET-4,
TriFoil Imaging, Northridge, CA, USA, (for LabPET-4 technical
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information see Bergeron et al., 2014)] under inhalational anesthesia
(2–3% maintenance dose). Throughout these procedures, the animals
were kept on a pad heated at 37 °C. For radiotracer readings, 10min list
mode static acquisitions were acquired with the field of view (FOV;
3.75 cm) centered on each rat’s head (Zanirati et al., 2018). All data
were reconstructed using the maximum likelihood estimation method
(MLEM-3D) algorithm with 20 iterations. Each micro-PET image was
reconstructed with a voxel size of 0.2× 0.2×0.2mm and spatially
normalized into an [18F]FDG template using brain normalization in
PMOD v3.8 and the Fuse It Tool (PFUSEIT) (PMOD Technologies,
Zurich, Switzerland). An MRI rat brain volume of interest (VOI) tem-
plate was used to overlay the normalized images previously coregis-
tered to the micro-PET image database. Activity values were normal-
ized for the injected dose and the animal bodyweight, and were
therefore expressed in standard uptake values (SUVs). Mean SUVs of 14
brain regions were extracted using a predefined VOI template. For
analysis at the voxel level, MINC tools (www.bic.mni.mcgill.ca/
ServicesSoftware) were used for image processing and analysis.

2.6. Metabolic networks

Metabolic brain networks of groups were constructed by computing
Pearson correlation coefficients based on 10,000 bootstrap samples.
Graph theoretical measures such as density, global efficiency, small-
world, assortativity coefficient, average degree and average clustering
coefficient were calculated for each of the bootstrap samples. Networks
were corrected for multiple comparisons using false discovery rate
P < 0.005 (Rubinov and Sporns, 2010).

2.7. Hippocampal primary astrocyte cultures and maintenance

Twenty-four hours after CLP induction, animals from both groups
had their cerebral hippocampi aseptically dissected and their meninges
removed. The astrocyte cultures were performed as previously de-
scribed (Bellaver et al., 2017; Bellaver et al., 2016b). During the dis-
section, cerebral tissue was kept in HBSS (Hank’s Balanced Salt Solu-
tion) containing 0.05% trypsin and 0.003% DNase at 37 °C for 8min.
The tissue was then mechanically dissociated for 7min using a Pasteur

pipette and centrifuged at 100 xg for 5min. The pellet was resuspended
in a solution of HBSS containing only 0.003% DNase and again gently
mechanically dissociated for 5min with a Pasteur pipette and left for
decantation for 20min. The supernatant was collected and centrifuged
for 7min. (100 xg). The cells from the supernatant were resuspended in
DMEM/F12 [10% fetal bovine serum (FBS), 15mM HEPES, 14.3 mM
NaHCO3, 0.04% gentamicin and 1% Fungizone®], plated in 6- or 24-
well plates pre-coated with poly-L-lysine and cultured at 37 °C in an
incubator with 5% CO2. The cells were seeded at 3–5x105 cells/cm2.
The same protocol was applied to cultivate astrocytes from newborn
(naive) animals. The first medium exchange occurred 24 h. after ob-
taining cultures. During the 1st week, the change occurred once every
two days and from the 2nd week on, the change occurred once every
four days. From the 3rd week on, hippocampal astrocytes received the
culture medium supplemented with 20% FBS. Around the 4th week, the
cells reached confluence, and biochemical and molecular analyses were
performed by researchers blinded for group allocation.

2.8. 2-Deoxy-D-[1,2-3H]glucose ([3H]2DG) uptake

After cells reached confluence, glucose was assessed as previously
described (Souza et al., 2013). Briefly, cells were rinsed once with HBSS
and incubated with DMEM/F12 containing only 1mCi/ml [3H]2DG
(basal) or 1mCi/ml [3H]2DG+100 µM glutamate (stimulated) for
20min at 37 °C. After incubation, astrocytes were rinsed with HBSS and
lysed overnight with NaOH 0.3M. Incorporated radioactivity was
measured in a scintillation counter. Cytochalasin B (10mM) was used
as a specific glucose transporter inhibitor. Glucose uptake was de-
termined by subtracting uptake with cytochalasin B from total uptake.

2.9. Glutamate uptake

After the cells reached confluence, glutamate uptake was de-
termined as previously described (Bellaver et al., 2016a). Briefly, as-
trocyte cultures were incubated at 37 °C in HBSS containing the fol-
lowing components (in mM): 137 NaCl, 5.36 KCl, 1.26 CaCl2, 0.41
MgSO4, 0.49 MgCl2, 0.63 Na2HPO4, 0.44 KH2PO4, 4.17 NaHCO3, and
5.6 glucose, adjusted to pH 7.4. The assay was started by the addition of

Table 1
Gene expression microarray data used for transcriptome analysis.

GEO ID Description Sample (n) Reference

GSE95233 Gene expression data of whole blood collected from patients at day 1 of sepsis and from
healthy subjects

Whole blood from septic patients (n= 51)
Whole blood from healthy subjects (n=22)

Venet et al. (2017)

GSE49757 Gene expression data of polymorphonuclear neutrophils collected from septic patients
in the first admission at hospital and from healthy subjects

Polymorphonuclear neutrophils from septic
patients (n= 35)
Polymorphonuclear neutrophils from healthy
subjects (n= 19)

Not published

GSE67652 Gene expression data of polymorphonuclear neutrophils collected from septic patients
and from healthy subjects with paired age

Polymorphonuclear neutrophils from septic
patients (n= 6)
Polymorphonuclear neutrophils from healthy
subjects (n= 6)

da Silva et al. (2015)

GSE57065 Gene expression data of whole blood collected from patients 24 h after septic shock and
from healthy subjects

Whole blood from septic patients (n= 28)
Whole blood from healthy subjects (n=25)

Cazalis et al. (2014)

GSE54514 Gene expression data of whole blood collected from patients at day 1 of sepsis and from
healthy subjects

Whole blood from septic patients (n= 26)
Whole blood from healthy subjects (n=18)

Parnell et al. (2013)

GSE32707 Gene expression data of whole blood collected from septic patients in the first admission
at hospital and from healthy subjects

Whole blood from septic patients (n= 34)
Whole blood from healthy subjects (n=38)

Dolinay et al. (2012)

GSE28750 Gene expression data of polymorphonuclear neutrophils collected from septic patients
in the first admission at hospital and from healthy subjects

Polymorphonuclear neutrophils from septic
patients (n= 27)
Polymorphonuclear neutrophils from healthy
subjects (n= 20)

Sutherland et al.
(2011)

GSE13015 Gene expression data of whole blood collected from septic patients and healthy subjects Whole blood from septic patients (n= 31)
Whole blood from healthy subjects (n=29)

Pankla et al. (2009)

GSE69063 Gene expression data of whole blood collected from septic patients and healthy subjects Whole blood from septic patients (n= 33)
Whole blood from healthy subjects (n=57)

Not published

GSE46955 Gene expression data of monocytes collected from septic patients in the first admission
at hospital and from healthy subjects

Monocytes from septic patients (n= 6)
Monocytes from healthy subjects (n= 16)

Shalova et al. (2015)
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100 μM L-glutamate and 0.33 μCi/ml L-[2,3-3H] glutamate. The in-
cubation was stopped after 7min by removing the medium and rinsing
the wells twice with ice-cold HBSS. The cells were then lysed in a so-
lution containing 0.5M NaOH. Incorporated radioactivity was mea-
sured in a scintillation counter. Sodium-independent uptake was de-
termined using methyl-D-glucamine instead of sodium chloride.
Sodium-dependent glutamate uptake was obtained by subtracting the
sodium-independent uptake from the total uptake.

2.10. High-performance liquid chromatography (HPLC) procedure

The assay was performed to measure glutamate levels in the cere-
brospinal fluid (CSF) of animals 24 h. after CLP or sham surgery.
Briefly, the CSF was filtered (0.22 μm pore), samples were derivatized
with o-phthalaldehyde and separation was carried out with a reverse
phase column (Supelcosil LC-18, 250mm 9 4.6mm, Supelco) in a
Shimadzu Class-VP chromatography system. The mobile phase flowed
at a rate of 1.4mL/min. and column temperature was 24 °C. Buffer
composition was A: 0.04mol/L sodium dihydrogen phosphate mono-
hydrate buffer, pH 5.5, containing 20% of methanol; B: 0.01mol/L
sodium dihydrogen phosphate monohydrate buffer, pH 5.5, containing
80% of methanol. The gradient profile was modified according to the
content of buffer B in the mobile phase: 0% for 0.00min, 100% for
55min, 0% for 55–60.00min. Absorbance was read at 360 nm and
455 nm, excitation and emission respectively, with a Shimadzu fluor-
escence detector.

2.11. RNA extraction and quantitative RT-PCR

Total RNA was isolated from primary astrocyte cultures obtained
from sham/CLP animals using TRIzol Reagent (Invitrogen, Carlsbad,
CA). The concentration and purity of the RNA were determined spec-
trophotometrically at a ratio of 260/280. Then, 1 µg of total RNA was
reverse transcribed using Applied Biosystems™ High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA) in a
20 µL reaction, according to manufacturer’s instructions. The mRNAs of
GLT-1 and glutamate-aspartate transporter (GLAST) were quantified
using a TaqMan real-time RT-PCR system with inventory primers and
probes purchased from Applied Biosystems (Foster City, CA).
Quantitative RT-PCR was performed in duplicate using the Applied
Biosystems 7500 Fast system. No-template and no-reverse transcriptase
controls were included in each assay, and these produced no detectable
signal during the 40 cycles of amplification. Target mRNA levels were
normalized using β-actin as a housekeeper gene. The results were ex-
pressed as fold of change of sham group using the 2−ΔΔCt method (Livak
and Schmittgen, 2001).

2.12. Western blot analysis

Hippocampal astrocytes from sham/CLP animals or PBMC CM
treated animals were solubilized in lysis solution containing 4% SDS, 2-
mM EDTA and 50-mM Tris-HCl (pH 6.8). Samples were separated by
SDS/PAGE (15mg protein per sample), and transferred to nitrocellulose
membranes, which were then incubated overnight (4 °C) with one of
the following antibodies: anti-GFAP (1:1000), anti-GLT-1 (1:1000), anti
phospho-phosphoinositide 3-kinase (PI3K) p85 (Tyr458)/p55 (Tyr199)
(1:1000) or anti-β-actin (1:5000). β-actin was used as a loading control.
Then, the membranes were incubated with a peroxidase-conjugated
anti-rabbit or anti-mouse immunoglobulin (IgG) (1:7000) for 1 h.
Chemiluminescence signals were detected in an Image Quant LAS4010
system (GE Healthcare) using an ECL kit (Souza et al., 2016b).

2.13. Immunofluorescence analysis

Immunofluorescence was performed as described previously by our
group (Souza et al., 2016a). Cell cultures were fixed with 4%

paraformaldehyde for 20min and permeabilized with 0.1% Triton X-
100 in PBS for 5min at room temperature. After blocking overnight
with 4% albumin, the cells were incubated overnight with anti-GFAP
(1:400) at 4 °C. Then, an incubation with a secondary antibody con-
jugated with Alexa Fluor® 488 for 1 h at room temperature was per-
formed. For all the immunostaining-negative control reactions, the
primary antibody was omitted. No reactivity was observed when the
primary antibody was excluded. For actin-labeling analyses, the cells
were incubated with 10mg/ml rhodamine-labeled phalloidin in PBS for
45min. Cell nuclei were stained with 0.2 mg/ml of 4′,6′-diamino-2-
phenylindole (DAPI) for 10min. Astrocyte immunofluorescence was
analyzed and photographed with a Nikon microscope and a TE-FM Epi-
Fluorescence accessory.

2.14. Multiplex assays

Cell-free supernatants of cultivated PBMCs and serum of sham and
CLP rats were assayed for the presence of the following inflammatory
mediators: interleukin (IL)-1α, IL-1β, granulocyte–macrophage colony-
stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-
CSF), interferon gamma (INF-ɣ), IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70,
IL-13, IL17A and tumor necrosis factor alpha (TNF-α). Data were col-
lected using the ProcartaPlex Rat Th Complete Panel 14plexdetection
kit (catalog number EPX140-30120–901) following the manufactureŕs
instructions.

2.15. Newborn astrocyte treatments

After cells reached the confluence, 0.25mM dibutyryl-cAMP was
added for 3 days to induce GLT-1 expression. Then, astrocytes were
treated with serum from CLP/sham rats (10% v/v), PBMC CM from
CLP/sham rats (10% v/v) and/or 10 µM LY294002 (a PI3K inhibitor)
for different periods (6 h, 24 h and 72 h).

2.16. Peripheral blood mononuclear cells isolation and culture

Fresh heparinized blood from CLP and sham animals was collected
24 h after surgery. Then, blood was gently added over an equal volume
of Ficoll-Histopaque. Tubes were centrifuged for 30min. at 400 xg at
room temperature. Next, the opaque interface containing mononuclear
cells was transferred into a conical centrifuge tube. PBMCs were wa-
shed (centrifuged at 100 xg for 10min.) twice with sterile HBSS. PBMCs
were plated at a density of 1x106 cells/mL in a 24-well plate using
RPMI-1640 medium supplemented with 10% FBS and kept for 24 h at
37 °C in an incubator with 5% CO2 (Shalova et al., 2015). After in-
cubation, the supernatant was collected to perform astrocyte treatments
and multiplex analyses.

2.17. Protein determination

Protein content was measured using bicinchoninic acid method with
bovine serum albumin as a standard (Smith et al., 1985).

2.18. Statistical analyses

Data were expressed as mean ± standard deviation (s.d).
Normality was evaluated using histograms and quantile plot. All data
were normally distributed and comparisons between sham and CLP
groups were carried out using Studentś t test. P-values< 0.05 were
reported as statistically significant. Networks were corrected for mul-
tiple comparisons using false discovery rate (FDR) P < 0.005.
GraphPad Prism 6 was used for statistical analysis.
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3. Results

3.1. Transcriptome analysis in blood of acute sepsis patients

Transcriptome analysis of peripheral blood cells from 250 healthy
subjects and 277 sepsis patients identified a total of 746 differentially
expressed genes (DEGs) between groups. Among them, 295 were up-
regulated and 451 downregulated (Fig. 1a; Supplementary Table 1; for
log Fold change and p-values of each independent dataset, see
Supplementary Tables 2 and 3, respectively). Additionally, to verify the
biological processes associated with these DEGs we performed an en-
richment analysis of gene ontology (GO) biological processes
(Supplementary Table 4). Fig. 1b revealed enrichment of DEGs in GO
terms related to inflammatory response, energy metabolism, immune
cell differentiation and RNA regulation. Top 10 enriched biological
processes during sepsis are depicted in Fig. 1c. GO terms associated
with immune response are predominant among the upregulated genes,
while genes related to RNA processing are dominant in the down-
regulated DEGs. Finally, to recognize the most affected pathways

related to changes in transcriptome profile, we also performed an en-
richment analysis using canonical pathways described in the KEGG
pathway database. This revealed a significant enrichment of DEGs in
four pathways in septic patients compared to healthy subjects: measles,
carbon metabolism, glycolysis/gluconeogenesis and tricarboxylic acid
(TCA) cycle (Fig. 1d–h) (for a complete list of up- and downregulated
genes in each process, see Supplementary Fig. 2). Interestingly, carbon
metabolism, glycolysis/gluconeogenesis and TCA cycle are pathways
associated with energy metabolism.

3.2. Acute severe systemic inflammation promotes a shift in astrocyte-
mediated cerebral metabolism

Representative micro-PET studies using [18F]FDG images showed
widespread global [18F]FDG hypometabolism in the CLP group (sham
standardized uptake value (SUV)=2.57 ± 0.38; CLP
SUV=2.07 ± 0.35; Fig. 2a and b). Acute sepsis induced∼ 20% hip-
pocampal [18F]FDG hypometabolism (Fig. 2c). Fig. 2d depicts hippo-
campal t-statistical map with peak effect in the posterior area (peak

Fig. 1. Transcriptome analyses of blood cells from sepsis patients. The analysis of 10 datasets available on online repositories show differentially expressed genes
(DEGs) (a), gene ontology (GO) network (b), the top 10 GO terms up- and downregulated (c) and the enriched KEGG pathways (d-g) and their respective p-value and
q-value (h). Only DEGs found in more than 7 datasets were included. In the network, node colors represent the summarized up/downregulation state of the term,
while edge widths represent the number of common genes between two terms, summarized in the Jaccard coefficient.
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Fig. 2. Astrocytic glucose and glutamate metabolism. Whole-brain [18F]FDG uptake of sham (a) and CLP (b) animals. Percentage of change between sham and CLP
(c). T-statistical map overlaid on histological template (d). Brain mask showing VOIs overlaid on histological template (e and f). Whole brain (g) and hippocampal (h)
[18F]FDG uptake. Cross-correlation matrices: intersubject cross-correlation maps displaying region-to-region associations in sham (i) and CLP (j) rats. Metabolic
networks: 3D brain surfaces displaying large-scale metabolic cross-correlation maps in sham (k) and in CLP (l) animals. Metabolic network graph measures of global
efficiency (m), assortativity (n), average degree (o), average clustering (p), density (q) and small world (r). Glucose uptake in astrocytes cultivated from sham and
CLP rats (s) Glutamate uptake in astrocytes cultivated from sham and CLP rats (t). Glutamate levels in the CSF (u). GLT-1 and GLAST mRNA levels (v) and
immunocontent in astrocytes cultivated from sham and CLP rats (w). Cumulative frequencies are depicted in the upper left of graph measures (m-r). n=5–14 rats per
group. *P < 0.05, **P < 0.01, ***P < 0.001 (t test). Data are presented as mean values ± s.d. and individual scatter plots or as correlation values with FDR-
corrected (P < 0.005) thresholds for brain networks.
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t25= 4.53; P= 0.0007). Whole brain and hippocampal metabolism
were chosen as volume of interest (VOIs, Fig. 2e and f). In this way, we
identified whole brain (t25= 3.562, P= 0.0015; Fig. 2g) and hippo-
campal [18F]FDG hypometabolism (t25= 3.636, P= 0.0013; Fig. 2h) in
animals submitted to CLP. VOIs from all other analyzed brain areas are
available in Supplementary Fig. 3. Metabolic networks analyses across
previously delineated VOIs were performed to identify brain re-
organization patterns during acute sepsis. Sepsis changed multiple
connections within the metabolic network, promoting a metabolic hy-
posynchronicity, especially in hippocampal and cortical areas
(P < 0.005, FDR corrected, Fig. 2i–l). Graph measures demonstrated a
consistent reorganization in the brain metabolic network indexed by
lower density (P < 0.0001, Fig. 2m), reduced global efficiency
(P= 0.00011, Fig. 2n), assortativity (P < 0.0001, Fig. 2o), small-
world (P < 0.0001, Fig. 2p), degree (P < 0.0001, Fig. 2q) and clus-
tering coefficient (P < 0.0001, Fig. 2r) in CLP rats. Aiming to verify a
potential coupling between astrocyte glucose and glutamate metabo-
lism during sepsis, astrocyte cultures from CLP and sham rats were
performed. Under basal condition, we did not observe any differences
in glucose uptake in ex vivo astrocytes cultivated from septic rats
(t8= 1.148, P= 0.284; Fig. 2s). However, when CLP astrocytes were
stimulated with glutamate, we observed a tendency to decrease glucose
uptake levels compared to the control (t8= 1.947, P=0.087; Fig. 2s).
Hippocampal astrocytes cultivated from CLP rats presented a significant
decrease in glutamate uptake (from 1.22 to 0.78 nmol3[H]/mg prot/
min, t20= 3.715, P=0.0014; Fig. 2t). A similar decrease in glutamate
uptake was observed in the hippocampal brain slices from rats sub-
mitted to surgical sepsis (Supplementary Fig. 4). Complementarily, no
changes in glutamate levels in the CSF were verified between groups
(Fig. 2u). Astrocytes from CLP animals presented a substantial increase
in the mRNA expression levels of GLT-1 (3.4-fold; t6= 4.359,
P=0.005; Fig. 2v). On the other hand, a 2.5-fold decrease in the ex-
pression of GLAST was observed in CLP astrocytes when compared to
the control group (t7= 2.40, P= 0.047; Fig. 2v). However, no changes
in protein levels of GLT-1 were found (t6= 0.801, P=0.454; Fig. 2w).

3.3. PBMC-released mediators trigger astrocyte reactivity

First, we investigated how the induction of severe systemic in-
flammation affect astrocytic phenotype in cultivated astrocytes at 24 h
post-CLP. We did not observe any major changes in the morphology of
astrocytes cultivated from CLP, compared to sham animals (Fig. 3a and
b), but CLP astrocytes showed an intense immunostaining for GFAP
(Fig. 3c and d). Additionally, astrocytes cultivated from septic rats
presented a pronounced diffuse organization of stress fibers, when
compared to the parallel and well-organized actin filaments observed in
sham astrocytes (Fig. 3e and f). An increase in GFAP protein content
was confirmed by western blotting analysis (47%; P=0.027;
t4= 3.408; Fig. 3g). Subsequently, astrocytes cultivated from healthy
animals were exposed to the serum collected from CLP animals (serum
pro-inflammatory cytokine activation panel is depicted in Fig. 3h; see
the absolute values for cytokines in Supplementary Table 5). Interest-
ingly, we observed a dual phase change in astrocytic glutamate uptake
after CLP serum exposure. As observed in Fig. 3i, 6 h of septic serum
treatment promoted a prominent increase in glutamate uptake (25%,
t4= 4.666, P=0.0096). At the 24 h time-point no changes between
astrocytes treated with septic or sham serum were verified
(t4= 0.2972, P=0.781), while a significant decrease in glutamate
uptake levels was observed after 72 h of exposure to serum from septic
animals compared to sham (31%, t4= 3.080, P=0.036). Consistently,
glucose uptake decreased in astrocytes exposed to 72 h of serum from
septic animals (18%, t5= 2.926, P=0.032; Fig. 3j), mimicking our in
vivo data. We further analyzed the involvement of PBMC mediators in
the activation and shift of astrocyte functions. Conditioned medium
collected from PBMCs (PBMC CM), previously isolated from septic or
sham animals, was used to treat astrocytes. Cytokine analysis of PBMC

CM pool from septic rats revealed an increase in TNF-α (42%) and IL-10
(15%) and a decrease in G-CSF levels (from 10.02 pg/µl to un-
detectable) compared to sham (Fig. 3k). In this way, 72 h of sepsis-
activated PBMC CM exposure induced astrocyte reactivity, evidenced
by a 2.3-fold increase in the GFAP protein levels (Fig. 3l). Also, a sig-
nificant decrease in glutamate uptake levels was observed in astrocytes
treated with PBMC CM from septic animals (t7= 4.178, P=0.0041;
Fig. 3m), despite no changes in GLT-1 protein expression (t6= 0.827,
P= 0.004; Fig. 3n). Additionally, astrocytes exposed to sepsis PBMC
CM also showed a prominent decrease in glucose uptake (t6= 4.540,
P= 0.0039; Fig. 3o). Corroborating the observations after serum ex-
posure, 24 h of sepsis PBMC CM treatment did not significantly change
either glutamate or glucose uptake levels compared to the control
conditions (Supplementary Fig. 5). Of note, no significant changes were
verified in cell viability after serum or PBMC CM treatments at the time
point evaluated in this study (Supplementary Fig. 6). In an attempt to
understand the mechanism involved in the astrocytic energetic failure
promoted by PBMC mediators, we looked for a potential target among
the DEGs found in our transcriptomic analysis. In this sense, we ob-
served a downregulation in two PI3K subunit genes (PIK3C2B and
PIK3CD; Supplementary Table 1) along with an upregulation of PTEN
(Supplementary Table 1), an important PI3K negative regulator, in
septic patients. Based on the evident impairment in the PI3K pathway
observed in our transcriptomic analysis and the putative role that this
route plays in the management of energetic metabolism, including in
glycolysis/gluconeogenesis, we decided to investigate this pathway in
our animal model. In this regard, we verified a significant decrease in
PI3K phosphorylation in astrocyte cultures exposed to PBMC CM from
CLP animals (46%, t8= 4.216, P= 0.003; Fig. 3p). The specific in-
hibition of PI3K pathway by LY294002 (10 µM) presented a detrimental
effect in astrocytes treated with PBMC CM from sham animals, while it
exacerbated the decrease observed in glutamate uptake in astrocytes
treated with CLP PBMC CM (about 30%, Fig. 3q). Interestingly,
LY294002 treatment did not significantly affect glucose uptake levels
(Fig. 3r).

4. Discussion

In the present report we described a potential link between per-
ipheral factors and central metabolic failure during the acute phase of a
systemic and severe inflammatory episode. We first showed, through a
data-driven gene transcription analysis, that pathways related to energy
metabolism are the main altered features in the blood of patients during
the acute phase of sepsis. Then, in a rat model of sepsis we observed
widespread brain energetic abnormalities, including glucose hypome-
tabolism, lower glutamate uptake and astrocyte reactivity. Also, we
provided, to the best of our knowledge, the first evidence of mediators
released by PBMCs directly promoting astrocyte reactivity during
sepsis, in a microglia-independent manner. Finally, by inhibiting PI3K
signaling we exacerbated astrocyte dysfunctional glutamate uptake in
both sham and CLP groups.

Data-driven transcriptome analysis of blood cells indicated multiple
changes in energy metabolism pathways as main features among septic
patients. More specifically, we found DEGs overrepresented in carbon
metabolism, glycolysis/gluconeogeonesis and TCA pathways, in-
dicating a clear impairment in glucose metabolism-related genes.
Interestingly, GO terms associated with inflammatory processes were
enriched in septic patients but this was not observed in inflammatory
KEGG pathways. Our findings associating sepsis-activated PBMCs with
peripheral energy metabolism dysfunction motivated us to investigate
brain energetics. Since astrocytes are the main glucose handlers in the
brain, we decided to assess their functionality during acute sepsis.

Interestingly, we found that the energetic crisis observed in the
blood of septic patients was also present in the brains of our CLP rat
model. More specifically, we identified widespread brain glucose hy-
pometabolism, as indexed by [18F]FDG PET, in CLP rats. In clinical
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settings, [18F]FDG PET is considered a biomarker of synaptic dysfunc-
tion and its values are associated with cognitive impairment (Gardener
et al., 2016; Pagani et al., 2015; Weise et al., 2018). Not surprisingly,
sepsis has been associated with increased risk for developing dementia
(Chou et al., 2017; Cunningham and Hennessy, 2015). Our [18F]FDG
PET regional analysis demonstrated hypometabolism in several brain
regions, including the hippocampus. Indeed, other rodent models of
sepsis already demonstrated brain [18F]FDG PET hypometabolism
(Semmler et al., 2008; Catarina et al., 2018). In specific, Catarina et al.
showed whole brain hypometabolism 12 h after the implantion of a
capsule filled with Escherichia coli in the peritoneal cavity but did not
evaluate regional metabolism (Catarina et al., 2018). Semmler et al.
previously demonstrated [18F]FDG hypometabolism in a lipopoly-
saccharide (LPS) model of acute sepsis. However, no changes in hip-
pocampal [18F]FDG PET metabolism were observed in their study
(Semmler et al., 2008). Human hippocampi are extremely vulnerable to
sepsis, as indexed by hippocampal atrophy in sepsis patients (Semmler
et al., 2013). Based on this, one could argue that the CLP model re-
sembles human sepsis with more accuracy than the LPS injection model

(Lee and Huttemann, 2014). In addition, by using refined network
analysis, we demonstrated that region-to-region communication in the
CLP rat model is largely disrupted. Metabolic network is hyposyn-
chronic in the CLP group and graph measures revealed that brain re-
gions, including the hippocampus, are exchanging information less ef-
ficiently.

A recent report demonstrated that glutamate and glucose uptake by
astrocytes are coupled, as indexed by [18F]FDG signal, which suggests
that the [18F]FDG signal also reflects astrocyte metabolism (Zimmer
et al., 2017). However, cellular interpretation of [18F]FDG is still under
discussion and we cannot exclude neuronal participation in [18F]FDG
hypometabolism induced by sepsis. For testing this hypothesis, we then
evaluated glucose and glutamate uptake ex vivo in astrocytes obtained
from CLP rats. Interestingly, we did not observe changes in basal glu-
cose uptake between groups. In fact, it seems that the long incubation
period required for cultivating mature astrocytes (3–4weeks) allows
them to adapt to environmental conditions, such as high availability of
glucose and other nutrients present in the medium. However, we no-
ticed a tendency of lower glucose uptake in CLP astrocytes stimulated

Fig. 3. PBMC released mediators trigger astrocyte activation. Phase contrast (a and b), GFAP immunostaining (c and d) and actin cytoskeleton (e and f) and western
blotting for GFAP (g) of astrocytes cultivated from sham and CLP rats. Cytokine profile of serum from sham/CLP rats (h). Glutamate uptake of astrocytes treated with
10% serum from sham/CLP animals for 6 h, 24 h and 72 h (i). Glucose uptake of astrocytes treated with 10% serum from sham/CLP animals for 72 h (j). Cytokine
profile of PBMC CM from sham/CLP rats (k). Western blotting for GFAP (l), glutamate (m) and glucose uptake (n) of astrocytes treated with 10% PBMC CM from
sham/CLP animals for 72 h Western blotting for p-PI3K of astrocytes treated with 10% PBMC CM from sham/CLP animals for 72 h (o). Glutamate (q) and glucose
uptake (r) by astrocytes pre-treated with 10% PBMC CM from sham/CLP rats and/or 10 µM LY 294002. n=4–6 per group. *P < 0.05, **P < 0.01 (t test). Data are
presented as mean values ± s.d. and individual scatter plots.
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with glutamate, which suggests that these cells still preserved a septic
phenotype. Next, we identified that astrocyte glutamate uptake is re-
duced during acute sepsis but no changes in GLT-1 density, the main
glutamate astrocyte transporter (Anderson and Swanson, 2000), were
observed. Interestingly, we found increased GLT-1 mRNA expression in
CLP astrocytes. Here, we hypothesize that GLT-1 could be either in-
ternalized or have its activity reduced, which could explain the lack of
changes in transporter density despite reduced glutamate uptake. Also,
the 3-fold increase in GLT-1 mRNA suggests that CLP astrocytes are
unsuccessfully attempting to replace defective transporters, likely due
to the decreased ribosomal protein translation, a process already re-
lated to the detrimental effects of sepsis (Hato et al., 2019).

It has been well established that astrocytes are activated during
inflammation. Reactive astrocytes overexpress GFAP and release a
range of inflammatory cytokines and chemokines (Brahmachari et al.,
2006; Gorina et al., 2009). Here we demonstrated PBMC-released fac-
tors driving astrocyte reactivity. Serum from CLP animals presented
increased levels of pro-inflammatory cytokines, as IL-1β, IL-12p70, IFN-
ɣ and TNF-α, compared to sham rats. Interestingly, PBMC CM activa-
tion was much more subtle (increased TNF-α and IL-10 and decreased
G-CSF levels). Indeed, it has been previously demonstrated that even a
slight increase in brain TNF-α levels is able to promote a decrease in
glutamate transporter activity (Clark and Vissel, 2016), corroborating
the deficient glutamate transport observed in our model. In addition,
mice lacking TNF-α type 1 receptors had memory preservation after
CLP induction (Calsavara et al., 2015). From that, one could argue that
astrocyte energy crisis during sepsis seems to be independent of other
canonical inflammatory mediators, such as IL-1β and IFN-ɣ. However,
more studies are required to determine if IL-10 and G-CSF actively play
a role in astrocyte activation during sepsis. Of note, we measured only a
limited variety of cytokines/chemokines present in the PBMC CM. It is
possible that factors not evaluated here are also important for pro-
moting astrocyte reactivity.

The mechanisms involved in the regulation of cerebral energy me-
tabolism during sepsis are poorly understood. The downregulation of
PI3K identified in our transcriptome analysis was also observed in as-
trocytes treated with PBMC CM from CLP rats. Trying to mimic sepsis-
induced abnormalities in glutamate and glucose metabolism we con-
ducted a pharmacological inhibition of PI3K in cultured astrocytes. The
pharmacological inhibition of PI3K reduced astrocytic glutamate up-
take in PBMC CM treated sham and CLP astrocytes. In fact, Zhang et al.,
also observed that the activation of PI3K signaling increases glutamate
uptake by upregulating GLT-1 (Zhang et al., 2013). Additionally, it has
been demonstrated that the inhibition of PI3K signaling decreases
survival between animals submitted to CLP as well as promotes an early
and more severe onset of sepsis (Wrann et al., 2007). The inhibition of
PI3K pathway has also been shown to enhance LPS-induced in-
flammation in different cell types (Guha and Mackman, 2002). Con-
troversially, the inhibition of PI3K did not affect glucose uptake in sham
or CLP rats treated with PBMC CM. Based on that, one could argue that
PI3K is involved in sepsis-induced glutamate abnormalities but not in
mediating glucose hypometabolism, thus inhibiting the signaling at the
level of PI3K uncoupled glutamate and glucose metabolism in astro-
cytes. In this sense, other molecular energy sensors, such as the AMP-
activated protein kinase (AMPK), might be acting in parallel with PI3K
signaling to regulate glucose uptake (Domise and Vingtdeux, 2016).
However, further investigations are needed to completely decode this
complex regulation.

Taken together, our results pointed to PBMCs as important triggers
of astrocyte reactivity, metabolic and energetic dysfunction during the
early stage of sepsis. In addition, we demonstrated that impaired PI3K
signaling drives glutamate abnormalities but not glucose hypometa-
bolism during acute sepsis. In summary, this report improves the un-
derstanding of the mechanisms by which systemic inflammation im-
pacts brain functionality, indicating potential targets for therapeutic
modulation.
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