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Abstract 

Objectives Delirium is a prominent symptom of sepsis-associated encephalopathy (SAE) and is highly prevalent 
in septic patients hospitalized in the intensive care unit, being closely connected with raised mortality rates. Acute 
hyperglycemia (AH) has been recognized as a separate risk factor for delirium and a worse prognosis in critically sick 
patients. Nevertheless, the exact contribution of AH to the advancement of SAE is still unknown.

Methods This research retrospectively evaluated the connection between blood glucose levels (BGLs) and the inci-
dence of delirium and death rates in septic patients in the ICU of a tertiary comprehensive hospital. In addition, 
a septic rat model was induced through cecal ligation and puncture (CLP), after which continuous glucose infusion 
was promptly initiated via a central venous catheter post-surgery to evaluate the potential implications of AH on SAE. 
Next, septic rats were assigned to four groups based on target BGLs: high glucose group (HG, ≥ 300 mg/dL), moderate 
glucose group (MG, 200–300 mg/dL), normal glucose group (NG, < 200 mg/dL), and a high glucose insulin-treated 
group (HI, 200–300 mg/dL) receiving recombinant human insulin treatment (0.1 IU/kg/min). The sham group (SG) 
received an equivalent volume of saline infusion and denoted the NG group. The effects of AH on neuroinflammation 
and cognitive function in septic rats were evaluated using behavioral tests, histopathological examination, TUNEL 
staining, ELISA, and Western blot. The effects of glucose levels on microglial activation and glucose metabolism fol-
lowing lipopolysaccharide (LPS, 1 μg/mL) exposure were assessed using CCK8 assay, qRT-PCR, Western blot, and ELISA.

Results Our findings revealed that AH during sepsis was a separate risk factor for delirium and assisted in predicting 
delirium occurrence. AH raised the levels of systemic and central inflammatory cytokines in septic rats, promoting 
neuronal apoptosis, blood–brain barrier disruption, and cognitive impairment. In addition, both in vivo and in vitro, 
an elevated glucose challenge increased the ChREBP, HIF-1α, glycolytic enzymes, and inflammatory cytokines expres-
sions in microglia after exposure to CLP or LPS.
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Conclusions These results collectively suggest that hyperglycemia can exacerbate neuroinflammation and delirium 
by enhancing microglial glycolysis under septic conditions, potentially mediated by upregulation of the ChREBP/
HIF-1α signaling pathway.
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Graphical abstract

Introduction
Sepsis-associated encephalopathy (SAE) is an acute dif-
fuse brain dysfunction syndrome that occurs as a result 
of sepsis [1], characterized by altered consciousness, 
with 30–70% of sepsis cases progressing to SAE [2]. It 
is closely associated with ICU-acquired weakness, dete-
rioration of motor and sensory functions, and long-term 
cognitive impairments, severely impacting the independ-
ent living capability of sepsis survivors [3]. The patho-
physiological alterations responsible for SAE are intricate 
and multifaceted, encompassing the activation of micro-
glial cells, breakdown of the blood–brain barrier (BBB), 
and metabolic reprogramming [4, 5].

During sepsis, the incidence of acute hyperglycemia 
(AH) is approximately 40%, hypothesized to be induced 
by intricate interactions involving cortisol, catechola-
mines, and cytokines, eventually culminating in metab-
olism disorders and insulin resistance [6, 7]. Short- and 
long-term abnormalities in glucose metabolism have 
been reported to be closely associated with neuroinflam-
matory-related neurodegenerative diseases [8, 9]. The 
correlation between AH and adverse outcomes, such 
as delirium and higher mortality rates, is particularly 
significant in non-diabetic individuals with severe cir-
cumstances, including sepsis and traumatic brain injury 
[10]. Further research revealed that hyperglycemia can 
exacerbate the infection-induced immuno-inflammatory 
response and is associated with macrophage/microglial 

activation [11, 12]. Nevertheless, the precise processes 
have still to be clarified.

Microglia, the main innate immune cells in the cen-
tral nervous system (CNS), possess a critical function 
in the neuroinflammatory response that occurs dur-
ing sepsis [13]. When stimulated by LPS or pro‐inflam-
matory cytokines, microglia undergo M1 activation 
and synthesize various pro‐inflammatory mediators 
[14], encompassing IL-1β and TNF-α. In addition, glu-
cose metabolism shifts from oxidative phosphoryla-
tion (OXPHOS) toward aerobic glycolysis [15], thereby 
playing a pivotal role in the early host defense against 
pathogenic invasion [16]. However, sustained overacti-
vation of microglia leads to neuronal death or apoptosis 
[17]. However, pharmacological inhibition of glycolytic 
enzymes can attenuate microglial M1 polarization and 
neuroinflammation [18].

HIF-1α, a key transcription factor associated with the 
Warburg effect, is involved in regulating microglial meta-
bolic reprogramming [19]. In addition to hypoxia, chal-
lenges such as LPS and high glucose can also stabilize 
and activate HIF-1α and elevate the downstream target 
gene expression, comprising HK2 and PKM2 [20]. Mean-
while, HIF-1α knockout suppresses the secretion of the 
pro-inflammatory cytokine and enhances the survival 
outcomes of septic mice [21]. Carbohydrate response 
elements (ChRE)-binding protein (ChREBP) is an essen-
tial regulatory factor involved in sensing and glucose 
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metabolism [22]. HIF-1α gene promoter contains mul-
tiple ChRE sequences and exhibits a strong induction 
response to hyperglycemia [23, 24]. Considering the over-
lap of target genes between HIF-1α and glucose-related 
metabolic disorders, HIF-1α may potentially promote 
the progression of SAE under hyperglycemic conditions. 
Although a recent study demonstrated enhanced HIF-1α 
expression in neurons of rats subjected to high glucose 
levels [25], the mechanisms and functional relevance 
remain unknown.

Thus, we aimed to ascertain the connection between 
blood glucose levels (BGL) and delirium during sepsis. In 
addition, the impact of AH on neuroinflammation, cellu-
lar damage, and metabolic reprogramming following the 
onset of sepsis was explored both in vivo and in vitro, as 
well as potential mechanisms.

Materials and methods
Study design and patients
In this retrospective research, adult septic patients hos-
pitalized in the intensive care unit (ICU) between Janu-
ary 2022 and January 2024 were screened, as depicted 
in Supplementary Fig.  1. The criteria for inclusion were 
outlined below: (1) The clinical diagnosis of sepsis based 
on the Sepsis 3.0 criteria [26]; (2) age ≥ 18 years; (3) ICU 
stay ≥ 24  h. The criteria for exclusion were as follows: 
(1) acute brain injury, encompassing epilepsy, traumatic 
brain injury, intracranial infection, ischemic stroke, or 
hemorrhagic stroke; (2) psychiatric disorders or neu-
rological diseases; (3) chronic alcoholism or substance 
abuse; (4) hepatic encephalopathy, hypoglycemic coma, 
metabolic encephalopathy, or additional severe liver or 
kidney dysfunction impacting consciousness; (5) severe 
electrolyte disturbances; (6) pulmonary encephalopathy 
or  PaCO2 ≥ 80 mmHg; and (7) acute or chronic liver dys-
function, including hepatic encephalopathy and cirrhosis.

Data within the first 24  h upon admission were col-
lected, including BGLs and information on insulin 
treatment. Patients experiencing severe hyperglycemia 
(≥ 300  mg/dL) at least twice were administered insulin 
at a rate of 0.1–0.5  IU/kg/min and included in the HG 
group; patients experiencing moderate hyperglycemia 
(200–300  mg/dL) at least twice were included in the 
MG group; and patients with BGLs below 200  mg/dL 
and not requiring insulin treatment were included in the 
NG group. During hospitalization, delirium occurrence 
was assessed twice daily by two senior nurses, who were 
blinded to the study protocol, employing the Confusion 
Assessment Method for the Intensive Care Unit (CAM–
ICU). This work was approved by the Ethics Committee 
of the First Affiliated Hospital of Nanchang University.

Baseline data, encompassing age, gender, diabetes 
history, site of infection, renal replacement therapy, 

APACHE II score, SOFA score, mechanical ventilation, 
vasopressors, ICU stay, and occurrence of delirium, were 
collected for all enrolled patients.

Rats and sepsis models
We obtained a cohort of healthy male Sprague–Dawley 
(SD) rats weighing between 200 and 240  g, between 12 
and 14  weeks, from Vital River Lab Rotary in Zhejiang, 
China. The subjects were subjected to controlled envi-
ronmental settings, which included a temperature range 
of 23–25 °C, humidity levels maintained between 50 and 
60%, a 12-h light/dark cycle, and unrestricted availability 
of food and water. The handling and experimentation of 
animals were performed in complete compliance with 
the rules established by the Animal Welfare Ethics Com-
mittee of Nanchang University.

Following a 1-week acclimatization period, the rats 
underwent right jugular vein catheterization. A PE-50 
catheter, having an inner diameter of 0.58  mm and an 
outside diameter of 0.99 mm, was placed into the jugular 
vein to assist in delivering the specified solution. Subse-
quently, the catheter was tunneled through a posterior 
neck incision and connected to a swivel harness, enabling 
the rats to move freely within their cages while maintain-
ing access to the administered solution.

After catheterization, the SAE model was created 
by performing cecal ligation and puncture (CLP), as 
explained in prior research. In summary, the rats were 
administered 50 mg/kg of pentobarbital to induce anes-
thesia and a 1.5 cm incision was done along the midline 
to subject the cecum. Next, the cecal ileocecal valve was 
double-ligated at the distal one-third of the cecum. Sub-
sequently, an 18G needle was utilized to puncture the 
cecum, causing a small quantity of intestinal detritus 
to be expelled into the abdominal cavity. Following the 
surgical procedure, the rats were put on a heating blan-
ket set at a temperature of 37 °C and observed until they 
regained consciousness from the effects of the anesthetic. 
The rats in the SG were subjected to cecal exposure with-
out CLP. Following the CLP operation, blood samples 
were obtained every 3 h from the right jugular vein cath-
eter for blood glucose analysis.

Animal treatment
The rats were first allocated into two primary groups: the 
CLP group and the SG. Preliminary experiments were 
conducted to establish the optimal amount of glucose 
required to attain certain goal BGLs in the past. The rats 
were allocated into three subgroups based on their target 
levels. The high glucose group (HG, n = 15) obtained a 
continuous intravenous infusion of 0.9% saline with 27% 
glucose (w/v) at a rate of roughly 39 mg/(kg·min) to pre-
serve BGLs over 300 mg/dL. The moderate glucose group 
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(MG, n = 15) acquired a continuous intravenous infusion 
of 0.9% saline that included 18% glucose (w/v) at a rate of 
about 24 mg/(kg·min) to preserve BGLs between 200 and 
300 mg/dL; the none glucose group (NG, n = 15), wherein 
rats received an intravenous infusion of an equivalent 
volume of 0.9% saline, maintaining BGLs below 200 mg/
dL; and the HG group treated with recombinant human 
insulin (HI, n = 15) at a dosage of 0.1 IU/kg/min to main-
tain BGLs between 200 and 300 mg/dL. In contrast, rats 
in the SG (n = 8) received an infusion of 0.9% saline at a 
volume equivalent to the other groups. Following the 
CLP procedure, the designated solution was continuously 
administered through a central vein catheter for 9 h.

Y‑maze
48 h after CLP, the spatial working memory of rats was 
evaluated utilizing the Y-maze (Shanghai XinRuan, 
China), which consisted of three black polypropylene 
arms labeled A, B, and C, with each arm measuring 
40 × 10 × 16 cm and placed at an angle of 120° from each 
other. During the 8-min experimental phase, the rats 
were given unrestricted access to explore the labyrinth. 
They were placed at the far end of any arm, and their 
entries and exits into each arm were recorded. For an 
entry or exit to be counted, all four limbs of the rat had 
to enter or exit an arm. A sequence of three different arm 
entries (such as ABC, CAB) was considered as spontane-
ous alternation performance (SAP), which reflects good 
working memory. The movement of a rat transitioning 
from one arm to the central region and then return-
ing to the same arm was recorded as a same-arm return 
(SAR) each time. The alternation percentage was com-
puted as [number of alternations/(total number of arm 
entries-2)] × 100. Following each experiment, the box was 
cleaned with 75% alcohol.

Novel object recognition (NOR) test
The NOR test was employed to assess alterations in 
short-term memory. In a plastic box with a side length of 
40 cm, two objects of identical size and material (Object 
A) were placed. Prior to the test day, the rats were accli-
mated to the test box for 10 min. During the testing day, 
one of the objects, A (familiar object, F), was replaced 
with a similar-sized material object, B (novel object, 
N). Subsequently, the rats were individually introduced 
inside the enclosure and given unrestricted access to 
examine the items for 5 min. Subsequently, the box was 
cleaned using a solution of 75% alcohol. Object explora-
tion was stated as orienting the nose toward an object at 
a distance ≤ 2 cm. The exploration times for the familiar 
and novel objects were recorded, and the discrimination 
index (DI) was computed as (t[N-F])/(t[F + N]) × 100%.

Evans blue (EB) staining
2  h prior to measurement, a 2% solution of EB was 
intravenously injected at a dose of 4  mL/kg. Follow-
ing anesthesia with 5% pentobarbital sodium (50  mg/
kg), rats underwent cardiac perfusion with saline. Tis-
sue samples were homogenized in 5 mL of 0.1 M PBS, 
mixed with 5  mL of 60% trichloroacetic acid, under-
went centrifugation at 4000  rpm for 15  min, and the 
supernatant was gathered. A spectrophotometer was 
employed to determine the supernatant’s absorbance at 
620 nm. Finally, the EB content in the brain tissue was 
calculated based on the unit weight.

Histological examination
Rats were euthanized using sodium pentobarbital after 
the behavioral tests, and blood and whole brain speci-
mens were gathered. The brain specimens were pre-
served in a solution of 4% paraformaldehyde for 24  h. 
After that, they were embedded with paraffin and cut 
into coronal slices that were 5-μm thick. In order to 
perform a histological investigation, the slices were first 
treated to remove the paraffin and then dehydrated. 
Hematoxylin and eosin staining were then conducted 
to assess morphological changes in the hippocampal 
region.

For immunofluorescence analysis, the sections were 
subjected to antigen retrieval by immersion in sodium 
citrate buffer at 100  °C for 15  min. Afterward, the sec-
tions were blocked utilizing 0.01 mM PBS with 10% goat 
serum for 15  min. The sections were then incubated 
overnight at 4 °C with primary antibodies, including rab-
bit anti-IBA1 and CD68 (Abcam, USA), to target spe-
cific cellular markers. On the next day, the samples were 
rinsed three times with PBS, followed by incubation in 
the dark with fluorescently labeled secondary antibodies 
(FITC or CY3) at ambient temperature for 2  h. Subse-
quently, the samples were counterstained with DAPI for 
10 min and sealing the tissue slices. The average number 
of IBA1 + CD68-positive cells in three non-overlapping 
areas was observed and calculated using a fluorescence 
microscope (ZEISS, Germany).

TUNEL staining
TUNEL staining was conducted utilizing the TUNEL 
Assay Kit (Beyotime Biotech, China) in accordance with 
the company’s protocol. The sections were treated with 
4% paraformaldehyde to fix them, made permeable with 
0.1% Triton X-100 for 10 min, and then subjected to the 
TUNEL reaction mixture for 1 h at 37 °C in a lack of light. 
DAPI was employed to stain the cell nuclei. Imaging was 
performed using an optical microscope (Olympus, USA).
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Cell culture and treatment
BV2 cells (obtained from the Pricella Life science & 
Technology, China) were cultivated in Dulbecco’s 
Modified Eagle Medium (DMEM, Thermo Fisher Sci-
entific, USA) enriched with 10% fetal bovine serum 
and 1% penicillin/streptomycin and maintained in a 
37 °C humidified incubator with a constant oxygen sup-
ply (5%  CO2, 21%  O2, and 74%  N2). To simulate sepsis, 
BV2 cells underwent treatment with 1 μg/mL LPS and 
then incubation in DMEM supplemented with 5.6 mM 
(LG group), 16.7  mM (MG group), and 25.0  mM (HG 
group) glucose. BV2 cells were pretreated with 10  μM 
KC7F2, followed by 1 μg/mL LPS and/or 25.0 mM glu-
cose for the cellular signaling pathway study.

shRNA‑mediated ChREBP knockdown
The lentiviral vectors for the knockdown of ChREBP 
(sh-ChREBP) or the non-silencing control shRNA (NC) 
were synthesized by Santa Cruz Biotechnology (cat. no. 
sc-3861, USA). BV2 cells were infected with lentivirus-
mediated sh-ChREBP or NC for 48 h. To serve as a neg-
ative control, non-silencing shRNA was used (NC). The 
sh-ChREBP or non-targeting shRNA lentiviral vectors 
were added to DMEM at a final multiplicity of infection 
of 50. Stable transformed cell lines were subsequently 
screened using puromycin (5  μg/mL). Silencing effi-
ciency was assessed by Western blot.

Cell viability
BV2 cells were placed in a 96-well plate and subjected 
to 1  μg/mL LPS for a duration of 12  h. Subsequently, 
a predetermined amount of glucose was introduced 
into the wells. Afterward, 10 μL of CCK-8 solution was 
introduced according to the manufacturer’s recommen-
dations (Beyotime, China). Afterward, the plate was put 
in a humidified incubator that was adjusted at 37 °C for 
1  h. Following incubation, the plate’s absorbance was 
measured at 450 nm utilizing a microplate reader.

ELISA
The IL-1β, TNF-α, HMGB1, NSE, and S100β levels 
were ascertained by employing a commercial ELISA kit 
following the manufacturer’s recommendations (Elab-
science, China). After collecting blood samples or hip-
pocampal tissue homogenate from animal experiments, 
the specimens immediately centrifugated at 3000  rpm 
for 15  min at 4  °C, and the supernatant was gathered. 
For in vitro experiments, BV2 cells were initially stim-
ulated with LPS for 12 h and subsequently exposed to 

25.0 mM glucose. After collecting the supernatant, the 
IL-1β, TNF-α, and HMGB1 levels were measured.

Evaluation of glycolysis and metabolic pathway shift
The glycolysis/oxidative phosphorylation assay kit 
(DOJINDO laboratories, Japan) was employed to assess 
glycolysis levels and shifts in metabolic pathways. Briefly, 
following the methods outlined in a previous study [27], 
BV2 or HMGB1–shRNA/NC cells (2.0 ×  104 cells/well) 
were seeded in a 96-well plate and subsequently treated 
with 1 μg/mL LPS and DMEM containing a pre-defined 
level of glucose for 12 h. To evaluate shifts in the meta-
bolic pathway shift, cells were initially stimulated with 
LPS and subsequently treated with or without 1.25  μM 
oligomycin (an inhibitor of OXPHOS) for 3 h. Following 
this, 100 μL of ATP working solution was introduced to 
each well, and absorbance was quantified at 450 nm. The 
shift in metabolic pathways was evaluated by measuring 
mitochondrial ATP and glycolytic ATP production.

To examine glycolysis levels, after LPS stimulation, 20 
μL of the supernatant was incubated with 80 μL of the 
lactate working solution for 30 min. The mixture absorb-
ance was subsequently ascertained at 450 nm, employing 
a microplate reader. The glycolysis degree was assessed 
by measuring the lactate production.

Western blotting
The hippocampus tissues or BV2 cells were homogenized 
utilizing RIPA lysis buffer, aligning with the manufac-
turer’s recommendations. The protein concentration was 
quantified employing a BCA assay kit (Boster, China). 
Then, 20 μg of protein specimens were separated employ-
ing a 10% SDS–PAGE gel and then deposited onto a 
PVDF membrane (MILLIPORE, USA). The membrane 
was subsequently obstructed with 5% skimmed milk and 
underwent incubation at 4  °C overnight with primary 
antibodies specifically targeting ZO-1, Claudin-5, IL-1β, 
TNF-α, HMGB1, iNOS, ChREBP, HK2, PKM2 (Abcam, 
USA), and β-actin (Jinqiao Biotechnology, China). It was 
then incubated with HRP-conjugated secondary antibod-
ies at ambient temperature for 2 h. Finally, protein bands 
were observed and quantified utilizing the ChemiDoc 
Imaging System (Bio-Rad Laboratories, USA) and Image 
Lab software.

RNA extraction and real‑time PCR
The TRIzol reagent (Invitrogen, Thermo Fisher Scientific, 
USA) was employed to extract the total RNA, while the 
cDNA was generated utilizing the PrimerScript reagent 
Kit (Takara) following the manufacturer’s recommen-
dations. The ABI StepOne real-time PCR machine (Life 
Technologies, USA) and the SYBR Green PCR Mas-
ter Mix (TransGen Biotech, China) were deployed to 
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conduct real-time PCR. The PCR products were ampli-
fied, measured, and normalized utilizing β-actin as a 
control. All the PCR primers are provided as follow. 
ChREBP: Forward: 5′-CAC TCA GGG AAT ACA CGC 
CTAC-3′, Reverse: 5′-GGA CTT CTG GGA TTC TGG 
TTCTA-3′. β-Actin: Forward: 5′-ACC CAG AAG ACT 
GTG GAT GG-3′, Reverse: 5′-CAC ATT GGG GGT AGG 
AAC AC-3′. HIF-1α: Forward: 5′-CTG GGA CTT TCT 
TTT ACC ATGC-3′, Reverse: 5′-AAT GGA TTC TTT 
GCC TCT GTGT-3′. HK2: Forward: 5′-TGA TCG CCT 
GCT TAT TCA CGG-3′, Reverse: 5′-AAC CGC CTA GAA 
ATC TCC AGA-3′. PKM2: Forward: 5′-GCC GCC TGG 
ACA TTG ACT C-3′, Reverse: 5′-CCA TGA GAG AAA 
TTC AGC CGAG-3′.

Data analysis
The Shapiro–Wilk test was applied to estimate the nor-
mality of continuous data. The Kruskal–Wallis test was 
applied to compare non-normally distributed continu-
ous variables, which were expressed as the median (inter-
quartile range [IQR]) or count (percentage). The Pearson 
rank correlation test was employed to analyze the link 
between BGLs and delirium. The study conducted logis-
tic regression and receiver operating characteristic (ROC) 
analyses to assess the predictive significance of blood glu-
cose levels in relation to the occurrence of delirium and 

death within 28  days. The continuous variables in both 
in vitro and in vivo experiments had a normal distribu-
tion and were expressed as the mean ± Standard Devia-
tion (SD). Statistical significance was assessed utilizing 
either one- or two-way analysis of variance, depending on 
the situation. A log-rank test was implemented to evalu-
ate the variances in survival rates among the groups.

Results
Elevated BGLs in septic patients in the ICU are linked 
to an elevated risk of delirium and 28‑day mortality
The demographic and clinical characteristics of patients 
in the three groups are listed in Table  1. This study 
included 124 adult septic patients (63 men and 61 
women) with a mean age of 59 (37–72) years, including 
52 in the NG group, 49 in the MG group, and 23 in the 
HG group. Among the comprised patients, 104 (83.9%) 
survived, and 20 (16.1%) died. The incidence of delirium 
was 29.03%, with an average ICU stay of 8 (3–15) days. 
Age, gender, history of diabetes, site of infection, renal 
replacement therapy, mechanical ventilation, vasopres-
sors, and ICU stay were comparable among the groups.

Overall, the findings manifested that the MG and 
HG groups had a significant rise in the prevalence of 
delirium (30.6% vs. 11.5%, P < 0.01; 65.2% vs. 11.5%, 
P < 0.001) and APACHE II scores (median, 19 scores 

Table 1 Demographic and clinical features

Features Sepsis with NG Sepsis with MG Sepsis with HG P value

N 52 49 23

Age (years) 58 (37–66) 62 (56–69) 64 (52–72) 0.101

Sex, n (%)

 Male 28 (53.9) 24 (49.0) 11 (47.8) 0.142

 Female 24 (46.2) 25 (51.0) 12 (52.2) 0.32

Diabetes 18 (34.6) 14 (28.6) 7 (30.4) 0.005

Delirium 6 (11.5) 15 (30.6) 15 (65.2)  < 0.001

28-day mortality 4 (7.69) 9 (18.4) 7 (30.4)  < 0.001

Site of infection, n (%)

 Abdomen 12 (23.1) 13 (26.5) 6 (26.1) 0.301

 Respiratory tract 31 (59.6) 28 (53.85) 10 (43.5) 0.112

 Urinary tract 3 (5.77) 4 (8.16) 4 (17.4) 0.221

 Skin/Soft tissue 2 (3.85) 1 (2.04) 2 (8.70)  < 0.001

 Others 4 (7.69) 3 (6.12) 1 (4.35) 0.07

Score (IQR)

 APACHE II 15 (10–22) 19 (15–26) 24 (18–30)  < 0.001

 SOFA (day 1) 7 (3–10) 11 (5–13) 12 (6–15)  < 0.001

 Renal replacement therapy, n (%) 6 (11.5) 5 (10.2) 3 (13.0) 0.140

 Mechanical ventilation, n (%) 33 (63.5) 29 (59.2) 8 (34.8) 0.005

 Vasopressors, n (%) 29 (55.8) 27 (55.1) 6 (26.1)  < 0.001

 ICU stay (days) 6 (4–11) 9 (5–13) 10 (7–16)  < 0.001

 Albumin 29.43 ± 2.93 27.75 ± 3.21 23.47 ± 3.51 0.01
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[IQR, 15–26] vs. 15 scores [IQR, 10–22], P < 0.01; 
24 scores [IQR, 18–30] vs. 15 scores [IQR, 10–22], 
P < 0.01) contrasted with the NG group. Kaplan–Meier 
analysis of septic patients with different BGLs displayed 
that the HG group had a significant elevation in the 
28-day mortality (Fig. 1a, P< 00.001) and was compara-
ble to the MG group and contrasted with the NG group 
(P = 0.142). In addition, Pearson correlation analysis 
determined that BGLs within the first 24-admission 
were correlated with a greater delirium risk (r = 0.512, 
P < 0.001) and 28-day mortality (r = 0.375, P < 0.001) 
in patients receiving 0.1–0.5  IU/kg/min insulin. Col-
lectively, these results emerged that BGLs partially 
reflected the severity of the disease, with AH poten-
tially promoting SAE and death.

Furthermore, univariate logistic analysis identified 
age, albumin, APACHE II score, and hyperglycemia as 
risk factors for delirium. Following these factors adjust-
ments, multivariate logistic regression analysis results 
found hyperglycemia and age as independent risk fac-
tors for delirium. In addition, ROC analysis revealed 
that hyperglycemia was a predictive factor for the risk 
of delirium (AUC = 0.702, Fig. 1b, P < 0.001) and 28-day 
mortality (AUC = 0.806, Fig. 1c, P < 0.001).

AH exacerbates cognitive deficits, systemic inflammation, 
and shortened survival in septic rats
When the host immune response to infection is not well 
regulated, it may result in dysfunction of several organs, 
including SAE, which is characterized by decreased 
learning and memory function [2]. To estimate the BGLs 
implications on learning and memory function in sep-
tic rats, the Y-maze and NOR tests were conducted. As 
depicted in Fig.  2b–d, compared with the SG, the SAP 
of septic rats in the NG group was significantly lower 
(Fig.  2b, P < 0.01), whereas their SAR was significantly 
greater in the Y-m aze (Fig. 2c, P < 0.05), and their DI was 
significantly mitigated (Fig.  2d, P < 0.001) in the NOR 
test, indicating severe impairment of learning and mem-
ory function in CLP rats. In addition, compared with the 
NG group, glucose load concentration-dependently con-
comitantly increased SAR and decreased SAP and DI, 
suggesting that AH exacerbates learning and memory 
impairment in septic rats. Interestingly, insulin treat-
ment significantly improved cognitive function in the HI 
group, as compared with the HG group.

AH has been suggested to be linked to raised mortality 
rates during sepsis [28]. Next, the impact of BGLs on sys-
temic inflammation and survival rates was investigated in 
septic rats. Following CLP induction for 48 h, compared 

Fig. 1 a Kaplan–Meier survival curve for 28 days based on BGLs within the first 24 h of admission. b, c Receiver operating characteristic curve 
analysis of BGLs for predicting delirium and 28-day mortality

Fig. 2 Acute hyperglycemia (AH) exacerbates cognitive deficits, systemic inflammation, and decreased survival rates in septic rats. a Flowchart 
of the experimental protocol. Rats were chosen at random to have CLP surgery and were given intravenous infusions of a 39 mg/(kg·min) glucose 
solution (HG), 24 mg/(kg·min) glucose solution (MG), an equivalent amount of physiological saline (NG), or 39 mg/kg/min glucose and 0.1 IU/kg/
min insulin solution (HI). They were then subjected to Y-m aze and NOR tests to evaluate learning and memory functions at 48 h after CLP. b–d 
AH further exacerbates CLP-induced learning and memory impairments. (n = 6–8 in each group). e–g Serum levels of pro-inflammatory cytokines 
(IL-1β, TNF-α, and HMGB1) were measured using ELISA 48 h after CLP (n = 6 in each group). h Changes in BGL in each group following surgery (n = 6 
in each group). i Survival curve and log-rank test indicate that high blood sugar significantly mitigated the mice’s survival time throughout the 48 h 
following surgery, as opposed to the NG group. n = 15 in each group. *P < 0.05 toward sham group, ￥P < 0.05 toward NG group, $P < 0.05 toward MG 
group, #P < 0.05 toward HG group. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)



Page 8 of 18Yao et al. European Journal of Medical Research          (2024) 29:546 

with the SG, the circulating inflammatory cytokines 
levels (IL-1β, TNF-α, and HMGB1) were significantly 
elevated in the NG group (Fig.  2e–g, P < 0.01), whereas 

survival rates significantly declined (Fig. 2i, P < 0.05). Glu-
cose loads increased these inflammatory cytokines levels 
in a concentration-dependent manner, compared with 

Fig. 2 (See legend on previous page.)
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the NG group, leading to a reduction in survival rates. 
However, insulin therapy significantly ameliorated these 
conditions compared with the HG group. These findings 
collectively suggested that high BGLs exacerbate sys-
temic inflammation and cognitive impairment in septic 
rats, thereby decreasing their survival rates.

AH exacerbates BBB disruption, brain tissue damage, 
and apoptosis in septic rats
Excessive systemic inflammation disrupts the BBB and 
triggers neuroinflammation, leading to cerebral damage 
and neuronal apoptosis [29]. To validate whether AH 
exacerbates these effects, brain EB content, the serum 
level of neuronal injury markers (NSE and S100β), and 
the tight junction proteins (ZO-1 and Claudin-5) expres-
sion were determined. Our findings exposed that the 
NG group had a significant rise in the brain EB con-
tent (Fig. 3a, P < 0.05) and serum levels of NSE (Fig. 3b, 
P < 0.001) and S100β (Fig.  3c, P < 0.01) compared to the 
SG, whereas the hippocampus had a significant decline 
in the ZO-1 (P < 0.01) and Claudin-5 (P < 0.05) expres-
sion levels (Fig. 3d–f). These results conjointly indicated 
neuronal damage and BBB disruption in septic rats. In 
comparison with the NG group, both moderate and high 
glucose loads aggravated neuronal injury and BBB dis-
ruption. Importantly, insulin treatment reversed these 
effects.

Subsequently, the effects of AH on hippocampal neu-
ropathological changes and apoptosis were examined in 
septic rats. As delineated in Fig.  3g, HE staining mani-
fested that the hippocampal region of the SG exhibited 
a normal morphological structure with an orderly cell 
arrangement. In contrast, karyopycknosis, pleomor-
phism, and signs of neuronal vacuolation and atrophy 
were observed in the NG group, and the MG and HG 
groups had a significant rise. However, insulin treatment 
significantly alleviated neuronal pathological damage. 
In addition, TUNEL staining emerged in a greater pro-
portion of TUNEL-positive cells in septic rats compared 
with the SG (P < 0.05), which was further increased fol-
lowing the administration of moderate and high glucose 
loads (Fig.  3h–i, P < 0.001). As anticipated, the adminis-
tration of insulin resulted in a significant hindrance in the 
percentage of TUNEL-positive cells. Altogether, these 
results indicated that AH can exacerbate CLP-induced 
disruptions in the BBB, neuronal injury, and apoptosis.

AH enhances neuroinflammation and ChREBP expression 
in septic rats
Considering that excessive microglial activation is a 
key factor in neuroinflammation, the impact of AH 
on microglial activation following CLP was analyzed. 
Immunohistochemistry targeting IBA1 and CD68, and 

pro-inflammatory cytokine levels were utilized to assess 
microglial activation. As portrayed in Fig.  4a–e, the 
NG group had a significant elevation in the quantity of 
IBA1 + CD68-positive cells (P < 0.01) and the levels of 
IL-1β (P < 0.001), TNF-α (P < 0.01), and HMGB1 (P < 0.01) 
compared with the SG, suggesting that CLP treatment 
stimulated hippocampal neuroinflammation. Further-
more, moderate and high glucose exposure exacerbated 
neuroinflammation compared with the NG group. Nev-
ertheless, these changes observed in the HI group were 
reversed by insulin treatment.

High glucose exposure reportedly upregulates ChREBP 
expression and increases its attaching to ChRE in the 
HIF-1α promoter [30]. Western blot analysis was per-
formed to ascertain the ChREBP/HIF-1α function in 
AH-promoted microglial activation after CLP. Signifi-
cantly, the septic rats exhibited greater expression levels 
of ChREBP (P < 0.05), HIF-1α (P < 0.01), major glycolytic 
enzymes HK2 and PKM2 (P < 0.05), and the inflamma-
tory marker iNOS (P < 0.05), contrasted with the SG. 
Furthermore, these proteins expression was elevated in 
a concentration-dependent way by glucose loading, as 
compared with the NG group (Fig. 4f–k). As anticipated, 
these increases were significantly reduced after insulin 
treatment. In conclusion, these results suggested that AH 
may promote microglial activation following CLP by acti-
vating the ChREBP/HIF-1α pathway, thereby exacerbat-
ing neuroinflammation.

High glucose enhances the synthesis of LPS‑stimulated 
pro‑inflammatory mediators via the ChREBP/HIF‑1α 
pathway in vitro
To further investigate the impact of high glucose on 
microglial activation, an in  vitro experiment was con-
ducted by treating BV2 cells with 1  μg/mL LPS and 
varying concentrations of glucose: 5.6  mM (LG group), 
16.7  mM (MG group) or 25.0  mM (HG group). Con-
trasted with the con group, the group that received LPS 
stimulation manifested a time-dependent rise in the 
IL-1β, TNF-α, and HMGB1 levels while also experiencing 
a decrease in cell viability (Fig. 5a–c, P < 0.05). The pres-
ence of glucose increased the generation of these inflam-
matory cytokines generated by LPS in a dose-dependent 
manner, concomitantly reducing cell viability compared 
with the LG group.

As glucose intake increases, microglial activation 
triggers metabolic reprogramming characterized by 
enhanced glycolysis and inhibited OXPHOS [15]. In the 
current study, glycolysis levels were assessed through 
extracellular lactate content and glucose-related meta-
bolic pathways and by evaluating intracellular gly-
colytic and mitochondrial ATP levels. The results 
uncovered that, following LPS exposure, the LG group 
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Fig. 3 AH exacerbates blood–brain barrier (BBB) disruption, brain tissue damage, and apoptosis in septic rats. a BBB function was assessed 
via the Evans Blue assay at 48 h following CLP (n = 3 in each group). b, c Serum levels of neuronal injury markers (NSE and S100β) were quantified 
employing ELISA at 48 h after CLP (n = 6 in each group). d–f Western blot assay indicated that AH decreased the ZO-1 and Claudin-5 expression 
levels 48 h following CLP (n = 3 in each group). g, h Hippocampal sections underwent HE and TUNEL staining 48 h after CLP. Arrowheads denote 
damaged neurons. i Quantification of TUNEL-positive cells (n = 3 in each group). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 4 AH enhances neuroinflammation and up-regulates ChREBP expression in septic rats. a, b Hippocampal sections underwent IF staining 
at 48 h following CLP, followed by measurement of the number of cells positive for IBA1 and CD68. c–e Hippocampal pro-inflammatory cytokines 
levels (IL-1β, TNF-α, and HMGB1) were measured 48 h after CLP. n = 4. f–k Western blot assay indicates that AH upregulated the ChREBP, HIF-1α, HK2, 
PKM2, and iNOS expression 48 h after CLP. n = 3 in each group. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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had a significantly increased lactate level, relative cellu-
lar ATP levels, and the proportion of glycolytic ATP con-
trasted with the con group (Fig. 5e–g, P < 0.05), indicating 
an increase in glycolytic flux and a shift toward LPS-
induced glycolytic metabolism. Furthermore, moderate 

and high glucose exposure further increased glycolytic 
flux and metabolic shift toward glycolysis contrasted with 
the LG group (P < 0.05).

Finally, the proteins and mRNA expression linked to 
the ChREBP/HIF-1α pathway were detected. Consistent 

Fig. 5 High glucose enhances LPS-induced pro-inflammatory mediator production, mediated by the ChREBP/HIF-1α pathway in BV2 cells. BV2 
cells underwent treatment with LPS (1 μg/mL) and 5.6 mM glucose (LG), 16.7 mM glucose (MG) or 25.0 mM glucose (HG). a–d Pro-inflammatory 
cytokines levels (IL-1β, TNF-α and HMGB1) in the supernatant and cell viability were ascertained at 6, 12, 24, and 48 h following LPS treatment. n = 4. 
e–g Twelve h after treatment, extracellular lactate content, as well as intracellular glycolytic and mitochondrial ATP levels, were assessed. n = 4. h–l 
Western blot assay indicates that high glucose upregulated the ChREBP, HIF-1α, HK2 and PKM2 expression 12 h after LPS treatment. m ChREBP, 
HIF-1α, HK2, and PKM2 relative mRNA levels (n = 3 independent measurements). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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with the in  vivo experimental results, LPS exposure 
upregulated the protein and mRNA expression levels of 
ChREBP, HIF-1α, HK2, and PKM2 as opposed to the con 
group (Fig. 5h–m). Compared with the LG group, mod-
erate and high glucose treatment further upregulated 
these proteins and mRNA expression levels. These find-
ings manifest that high glucose can promote microglial 
activation following LPS exposure by modulating the 
ChREBP–HIF-1α-mediated glycolytic pathway.

ChREBP knockdown prevents high glucose‑evoked 
microglial activation following LPS exposure
To confirm the probable role of ChREBP in the microglia 
activation throughout sepsis caused by high hyperglyce-
mia, BV2 cells were exposed to Lenti-ChREBP-shRNA 
(sh-ChREBP) or Lenti-NC (NC) treatments. We dem-
onstrated that when comparing the NC + LPS group to 
the ChREBP knockdown group, there was a significant 
reduction in lactate levels, relative cellular ATP level, 
and the fraction of glycolytic ATP (Fig.  6a–c, P < 0.01). 
The sh-ChREBP + LPS + HG group emerged to signifi-
cantly mitigate lactate levels, relative cellular ATP quan-
tity, and the fraction of glycolytic ATP compared with 
the NC + LPS + HG group (P < 0.001). These findings sig-
nified that ChREBP depletion diminishes glycolytic flux 
and inhibits the metabolic shift toward glycolysis.

Western blot analysis revealed that the sh-
ChREBP + LPS group has a significant hindrance in the 
HIF-1α (P < 0.05), HK2 (P < 0.05), PKM2 (P < 0.05), IL-1β 
(P < 0.01), TNF-α (P < 0.01), and HMGB1 (P < 0.001) 
protein expression level compared with the NC + LPS 
group (Fig.  6d–k). Furthermore, ChREBP knockdown 
down-regulated the expression of these proteins follow-
ing LPS and high glucose stimulation compared with 
the NC + LPS + HG group (P < 0.05). In addition, in line 
with the western blot results, qRT-PCR analysis showed 
that ChREBP knockdown lowered the HIF-1α, HK2, and 
PKM2 mRNA levels induced by exposure to high glu-
cose and LPS (Fig. 6l, P < 0.001). These outcomes empha-
size the critical function of ChREBP in the inflammatory 
response of microglia to LPS and high glucose.

High glucose enhances the ChREBP‑mediated HIF‑1α 
pathway and promotes microglial M1 polarization 
in response to LPS
HIF-1α has been identified as a crucial mechanism that 
controls both microglial activation and metabolic repro-
gramming [20]. To investigate whether high glucose 
enhances LPS-induced microglial activation through the 
ChREBP-mediated HIF-1α pathway, BV2 cells pretreated 
with KC7F2 (10  μM), a specific inhibitor of HIF-1α, 
over a period of 24  h. Afterward, the cells underwent 
treatment with 1  μg/mL LPS and/or 25.0  mM glucose 

for 12  h. As illustrated in Fig.  7a–c, compared with the 
LPS group, high glucose exposure raised the glycolytic 
flux and upregulated the protein and mRNA expression 
levels of ChREBP, HIF-1α, HK2, PKM2, IL-1β, TNF-α, 
and HMGB1 (Fig.  7d–l, P < 0.001). Nevertheless, knock-
ing down HIF-1α expression using KC7F2 attenuated 
the enhancement of glycolytic enzymes and pro-inflam-
matory mediators by high glucose under LPS-induced 
conditions (P < 0.01), whilst the expression of ChREBP 
remained unaffected. In conclusion, these results implied 
that high glucose further enhances sepsis-induced meta-
bolic reprogramming and M1 polarization of microglia 
by activating the ChREBP/HIF-1α pathway.

Discussion
Following sepsis, infection-induced systemic inflamma-
tion can result in SAE and long-term cognitive impair-
ment. However, research on the impact of AH on SAE is 
scarce. Our findings suggest that AH is linked to a greater 
incidence of delirium and mortality in septic patients. 
In addition, AH exacerbated systemic inflammation and 
neuroinflammation in septic rats, resulting in increased 
BBB permeability, cognitive deficits, and higher mortal-
ity rates. Further experiments unveiled that the underly-
ing mechanism involves the activation of the ChREBP/
HIF-1α pathway, which facilitates metabolic reprogram-
ming and microglial activation.

The optimal blood glucose target during sepsis remains 
controversial despite the critical importance of effec-
tively managing BGLs for improving outcomes [31, 32]. 
Previous studies have validated the detrimental effects of 
hyperglycemia. For example, septic patients with hyper-
glycemia (≥ 200  mg/dL) or stress hyperglycemia ratio 
(≥ 1.45) have greater mortality rates contrasted with nor-
mal BGL patients [33, 34]. In addition, AH (≥ 270  mg/
dL) significantly increases circulating cytokine levels 
(IL-1β and TNF-α) in patients with mitigated glucose 
tolerance, while cytokine levels rapidly return to baseline 
levels in individuals with normal glucose tolerance [11, 
35]. However, the mechanisms underlying these effects 
remain unclear. Among the 124 septic patients included 
in this work, those with AH (≥ 200 mg/dL) were at a sig-
nificantly greater risk of developing delirium contrasted 
with those with well-controlled BGLs. Furthermore, sep-
tic patients with BGLs ≥ 300  mg/dL had a significantly 
greater mortality rate than those with normal BGLs. Fur-
ther analysis identified high BGLs and age as independ-
ent risk factors for delirium, with the former capable of 
predicting the occurrence of delirium. These results indi-
cate that blood glucose control may have potential ben-
efits in mitigating the implications of hyperglycemia on 
the existing systemic inflammatory response.
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Subsequently, an AH model was estimated in septic 
rats induced by CLP through intravenous glucose infu-
sion. Throughout the experiment, the average BGLs in 

CLP rats were maintained below 180  mg/dL, in agree-
ment with the rules of the 2021 Surviving Sepsis Cam-
paign Guidelines [26]. Consequently, any elevations in 

Fig. 6 ChREBP Knockdown Prevents High Glucose-evoked Microglial Activation Following Exposure to LPS. BV2 cells were exposed 
to lenti-ChREBP–shRNA (sh-ChREBP) or lenti-NC (NC) for 48 h, and the resulting cell lines were then subjected to screening utilizing purinomycin 
(5 μg/mL), subsequent treatment with LPS (1 μg/mL) and/or 25.0 mM glucose (HG). a–c 12 h after treatment, extracellular lactate content 
and intracellular glycolytic and mitochondrial ATP levels were assessed. n = 4. d–k HIF-1α, HK2, PKM2, IL-1β, TNF-α and HMGB1 expression level. 
l ChREBP, HIF-1α, HK2, and PKM2 relative mRNA levels (n = 3 independent measurements). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001
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the pro-inflammatory cytokines level, neuronal damage, 
and cognitive impairment observed in the NG group, 
without the influence of AH, could solely be attributed 
to sepsis. Our study concluded that treatment with 
moderate or high glucose loads increased the circulat-
ing levels of pro-inflammatory mediators by approxi-
mately 1.5 and 3 folds compared with those in septic rats, 
respectively. In addition, rats in the HG group exhibited 
more pronounced cognitive impairment and mortality 

compared with those in the MG and HI groups. This may 
be ascribed to the BGL, given that the impact of glucose 
sharply increases when it exceeds a particular threshold, 
which is estimated to be around 300 mg/dL.

Immune and metabolic disorders in SAE patients 
have been reported to be linked to the dysfunction of 
the neuroendocrine system triggered by dysregula-
tions in the inflammatory response of the CNS, subse-
quently impacting key components such as the locus 

Fig. 7 Elevated glucose levels amplify the ChREBP-mediated HIF-1α pathway, leading to microglial M1 polarization responding to LPS. Prior 
to treatment with 1 μg/mL LPS and/or 25.0 mM glucose for 12 h, BV2 cells were pre-exposed to KC7F2 (10 μM), which is an inhibitor of HIF-1α, 
for 24 h. a–c Twelve hours after treatment, extracellular lactate content and intracellular glycolytic and mitochondrial ATP levels were assessed. n = 4. 
d–k HIF-1α, HK2, PKM2, IL-1β, TNF-α, and HMGB1 expression levels were measured by Western blot. l ChREBP, HIF-1α, HK2, and PKM2 relative mRNA 
levels (n = 3 independent measurements). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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coeruleus–norepinephrine system and the hypo-
thalamic–pituitary–adrenal axis [2, 10]. Meanwhile, 
prolonged systemic inflammation contributes to the pro-
gression of SAE. On the one hand, circulating inflam-
matory mediators infiltrate the CNS through diffusion, 
receptor-mediated transport, or phagocytosis [36]. On 
the other, pro-inflammatory cytokines could disturb the 
neurovascular unit and tight junctions, which in turn 
allows neurotoxic substances and inflammatory cells to 
pass across the BBB [37]. We speculate that during sep-
sis, uncontrolled systemic inflammation, disruption of 
the BBB, and neuroinflammation form a vicious cycle, 
thereby driving neuronal damage and apoptosis. Herein, 
exacerbation of systemic inflammation and increased 
BBB permeability were noted in CLP rats after glucose 
loading, resulting in cognitive impairment and increased 
mortality rates. It is worth noting that, insulin therapy 
effectively reversed these conditions, suggesting that AH 
may disrupt the immune-inflammatory response during 
sepsis, with its detrimental effects attributable to exacer-
bations of existing inflammatory responses.

When faced with challenges such as severe infection 
or injury, microglia rapidly initiate a series of cellular 
responses, including metabolic reprogramming and phe-
notypic changes, to defend against threats and promote 
repair [14]. However, their excessive activation can lead 
to neuronal damage and death. Accumulating evidence 
has highlighted the pivotal function of HIF-1α in glyco-
lysis and the M1 polarization of microglia [38]. Accord-
ing to a previous study, activation of HIF-1α has been 
shown to augment macrophage-mediated inflammatory 
cascade responses, while pharmacological inhibition of 
this pathway can effectively alleviate the severity of sep-
sis [19]. Recent studies have described that ChREBP, 
a key mediator activated by glucose-responsive genes, 
can attach to the HIF-1α promoter and participate in 
modulating processes such as glycolysis and immune-
inflammatory responses [39]. For example, high glucose 
can enhance the transcriptional activity of ChREBP by 
binding to the glucose-responsive activation regulatory 
element [23] and exacerbate diabetic retinopathy by acti-
vating the ChREBP/HIF-1αpathway [39]. Conversely, 
ChREBP knockout effectively alleviates HIF-1α-mediated 
hypoxic injury [40]. Consistent with these research find-
ings, we demonstrated that high glucose challenge upreg-
ulated the expressions of ChREBP and HIF-1α, glycolytic 
enzymes, and pro-inflammatory cytokines. However, 
this detrimental effect could be reversed by administer-
ing the HIF-1α inhibitor KC7F2 or ChREBP knockdown. 
These results indicate that the activation of the ChREBP/
HIF-1α pathway plays a crucial role in facilitating M1 
polarization and neuroinflammation in microglial cells 
under conditions of high glucose exposure.

This study presents several limitations. Firstly, it is a 
retrospective study relying on historical records, which 
may be prone to information bias and confounding fac-
tors, potentially constraining the ability to establish cau-
sality. Second, this study primarily examined the impact 
of varying blood glucose levels on neuroinflammation 
and delirium in septic individuals; however, additional 
research may be necessary in the future to determine 
the threshold for detrimental blood glucose levels. 
Finally, our findings suggest that elevated glucose levels 
can exacerbate the inflammatory response of microglial 
cells under septic conditions, potentially leading to neu-
ronal damage and death. Nonetheless, further research 
is essential to elucidate the direct effects of high glucose 
levels on neuronal cells.

Conclusions
In summary, this research revealed that high glucose 
promotes neuroinflammation and delirium by enhanc-
ing microglial glycolysis and M1 polarization during sep-
sis, a mechanism potentially related to the upregulation 
of the ChREBP/HIF-1α pathway. Besides, these findings 
highlight the need for effective glycemic control during 
sepsis, considering that it may minimize the incidence of 
delirium and mortality in septic patients.
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