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ARTICLE INFO ABSTRACT
Keywords: In diabetic patients, repeated episodes of hypoglycemia can increase glucose variability (GV), which may lead to
Diabetes glutamate neurotoxicity in the brain and consequently affect cognitive functions. Astrocytes play a crucial role in

Glucose variability
Glutamate neurotoxicity
Histamine receptor
Mitochondrial function

regulating the balance of glutamate within the brain, and their function is influenced by the histamine receptor
(HR) signaling pathway. However, the specific role of this mechanism under conditions of high GV is not yet
clear. The results showed that increased GV resulted in decreased expression of HRs in mice hippocampus and
astrocytes cultured in vitro. Additionally, a decrease in the expression of proteins related to glutamate metabolic
clearance was observed, accompanied by a reduction in glutamate reuptake capacity. Notably, the intervention
with histidine/histamine was able to reverse the above changes. Further mechanistic studies showed that in-
hibition of HRs that increased GV led to significant disturbances in astrocytic mitochondrial function. These
abnormalities encompassed increased fragmentation morphology and the accumulation of reactive oxygen
species, accompanied by decreased mitochondrial respiratory capacity and dysregulation of dynamics. Distinct
HR subtypes exhibited variations in the modulation of mitochondrial function, with HsR demonstrating the most
pronounced impact. The overexpression of H3R could enhance glutamate metabolic by reversing disturbances in
mitochondrial dynamics. Therefore, this study suggests that H3R is able to maintain glutamate metabolic
clearance capacity and exert neuroprotective effects in astrocytes that increased GV by regulating mitochondrial
dynamic balance. This provides an important basis for potential therapeutic targets for diabetes-related cognitive

dysfunction.
1. Introduction increased GV due to hypoglycemic events during treatment and subse-
quent reactive hyperglycemia [2]. Research shows that although
Glucose variability (GV) refers to the condition of instability char- frequent non-severe hypoglycemic events are not directly life-
acterized by fluctuations in blood glucose levels between high and low threatening, the resulting high GV can lead to a decline in cognitive
values, which serves as a critical indicator for evaluating glycemic function [3-5] and is considered an independent risk factor for com-
control in patients with diabetes [1]. Diabetic patients often experience plications in diabetic patients [2,6]. Our previous study revealed that

Abbreviations: GV, glucose variability; HR, histamine receptor; ROS, reactive oxygen species; RT-qPCR, real time quantitative PCR; GFP, green fluorescent protein;
MOI, multiplicity of infection; ADP, adenosine diphosphate; ATP, adenosine triphosphate; OCR, oxygen consumption rate; Ct, cycle threshold; ANOVA, one-way
analysis of variance; GFAP, glial fibrillary acidic protein; GLAST, glutamate-aspartate transporter; GLT-1, glutamate transporter-1; GS, glutamate synthetase; DHAP,
dihydroxyacetone phosphate; TCA, tricarboxylic acid; cAMP, cyclic adenosine monophosphate; mtDNA, mitochondrial DNA; DRP1, dynamin-related protein 1;
MFNZ2, mitofusin-2; OPA1, optical atrophy 1; T1D, type 1 diabetic; MAPK, mitogen-activated protein kinase; STZ, streptozotocin; DMEM, dulbecco’s modified eagle
medium; FBS, fetal bovine serum; OD, optical density; HBSS, Hank ’s balanced salt solution; FCCP, carbonyl cyanide phosphor-(p)-trifluoromethoxy phenyl-
hydrazone; PCA, principal component analysis. MCC, Manders’ Colocalization Coefficients; DAPI, 4,6-diamino-2-phenyl indole; PBS, phosphate buffered saline; DG,
deoxyglucose; NAD, nicotinamide adenine dinucleotide; NC, normal control; NG, normal glucose.
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the detrimental effects of increased GV on cognitive function stemmed
from the intricate interplay between hyper- and hypoglycemic in-
teractions, rather than mere superimposition [7,8]. However, effective
preventive or therapeutic strategies for cognitive impairment resulting
from increased GV induced by recurrent hypoglycemia are still lacking.

Astrocytes, the most abundant glial cell type in the central nervous
system, play a crucial role in regulating neuronal network activity,
synaptogenesis, and supporting cognitive processes [9]. This effect is
largely dependent on its maintenance of the metabolic balance of
glutamate, the major excitatory neurotransmitter [10]. Studies have
demonstrated that the presence of glutamate toxicity in cognitive brain
regions associated with insulin-induced hypoglycemia and diabetes
[11-13]. Moreover, mounting evidence suggests that mitochondria play
a pivotal role in the uptake and transformation of glutamate within
astrocytes [14]. It has been observed that the energy metabolism pattern
of mitochondria in human-derived astrocytes undergoes alteration
under conditions of recurrent hypoglycemia in vitro, characterized by
increased fatty acid oxidation and decreased energy coupling efficiency
[15]. Likewise, mouse primary astrocytes exhibit decreased mitochon-
drial membrane potential, heightened levels of reactive oxygen species
(ROS), and reduced maximal and reserve respiratory capacity following
recurrent hypoglycemia with subsequent hyperglycemia [16]. These
alterations can be reversed by the addition of the mitochondria-targeted
antioxidant SS-31, thereby restoring astrocyte function [16]. Hence, a
thorough investigation into mitochondrial function in astrocytes and its
impact on the balance of glutamate metabolism is crucial for compre-
hending the mechanism underlying cognitive impairment induced by
increased GV, as well as for the development of novel intervention
strategies.

Histamine, serving as a pivotal central neurotransmitter, maintains a
close association with learning, memory, and energy metabolism. It is
primarily synthesized by histaminergic neurons situated in the hypo-
thalamus, projecting extensively throughout the brain [17]. Currently,
four histamine receptors (HR) are known to exist in the brain, three of
which (H;R, HaR, H3R) are significantly expressed in astrocytes [17].
These receptors function by regulating various aspects of astrocyte ac-
tivity, including the removal of excess glutamate, modulation of signal
transduction, maintenance of glucose metabolism balance, and stimu-
lation of the release of neurotrophic factors [18]. Our previous research
found that in mice under conditions of high GV, there were abnormal-
ities in histidine metabolism in brain regions associated with cognition;
by supplementing histidine (a precursor of histamine), it was possible to
alleviate cognitive impairments caused by high GV, a process that
involved varying degrees of activation of different subtypes of HRs [8].
These results indicate the involvement of histamine and its receptor
system in alterations in brain cognitive function induced by increased
GV. However, the specific effects of histamine on astrocytes and their
regulatory mechanisms remain unclear.

Building upon prior research, the objective of this study is to delve
deeper into how HR subtypes modulate the capacity of astrocytes to
clear glutamate and to explore the essential mitochondrial pathways
implicated in the induction of high GV by recurrent hypoglycemia. First,
we established a mouse model simulating high GV conditions to observe
changes in HR expression and metabolism in hippocampus. This was
followed by in vitro studies using primary cultured astrocytes exposed to
alternating high and low glucose conditions, mimicking the high GV
environment. We then investigated the effects of histamine intervention
and specific HR subtype inhibition on astrocyte function, particularly
focusing on glutamate clearance. To elucidate the underlying mecha-
nisms, we examined mitochondrial function, including ROS production,
respiratory capacity, and dynamics. Finally, we conducted over-
expression experiments targeting H3R to confirm its role in regulating
mitochondrial function and glutamate clearance.
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2. Research design and methods
2.1. Animals

Male C57BL/6J mice (weighing 20-25 g) were purchased from
Shanghai SLAC Laboratory Animal Co, Ltd., China. Each five mice
shared a cage, and all mice had free access to food and water under 12 h
light/12 h dark conditions. Animals were allowed to habituate to the
novel environment for 1 week before performing any experimental
manipulation. All animal experimental protocols were approved by the
Animal Ethics Committee of Fujian Medical University to ensure that the
study followed strict ethical guidelines, respected animal welfare, and
minimized discomfort and suffering of animals.

2.2. Reagents

Reagents used are detailed in the Table 1. Antibodies and dilutions
used for immunoblotting and immunofluorescence, as well as primers
used for real time quantitative PCR (RT-qPCR) are listed in the Table 2,
Table 3 and Table 4, respectively.

Table 1
Reagents used in this study.

Reagents Reference Company, Country

STZ S0130 Sigma, USA

L-histidine H8000 Sigma, USA

Hiatamine V900396 Sigma, USA

Pyrilamine P5514 Sigma, USA

Cimetidine C4522 Sigma, USA

Thioperamide T123 Sigma, USA

Glutamate test kit MAKO004-1KT Sigma, USA

Glucose Uptake Assay Kit MAKO083-1KT Sigma, USA

Insulin glargine Lantus Sanofi-Aventis, France

Regular insulin N/A Wanbang, China

MFI8 HY-150031 MCE, USA

DMEM 11885084/ Gibco, USA

11966025

Trypsin-EDTA (0.25 %) 25,200,114 Gibco, USA

FBS ST30-2602 Pansera ES, Germany

Glucose (20 %) ST491 Beyotime
Biotechnology, China

Hoechst 33,342 C1027 Beyotime
Biotechnology, China

DAPI C1002 Beyotime
Biotechnology, China

Mito-Tracker Red CMXRos C1035 Beyotime
Biotechnology, China

Penicillin-Streptomycin- C0224 Beyotime

Amphotericin B Biotechnology, China

Cell Mitochondrial Isolation Kit C3601 Beyotime
Biotechnology, China

Enhanced ATP Assay Kit 50027 Beyotime
Biotechnology, China

Quick-block™ P0252 Beyotime
Biotechnology, China

CCK-8 40203ES Yeasen Biotechnology,
China

MitoSOX 40778ES Yeasen Biotechnology,
China

PI BS147 Biosharp, China

Seahorse XFe24 FluxPak mini 102342-100 Agilent, USA

Seahorse Cell Mito Stress Test kit 103015-100 Agilent, USA

XF DMEM Medium 103575-100 Agilent, USA

XF 1.0 M Glucose Solution 103577-100 Agilent, USA

XF 100 mM Pyruvate Solution 103578-100 Agilent, USA

XF 200 mM Glutamine Solution 103579-100 Agilent, USA

Mitochondrial complex I/NADH-CoQ BCO515 Solarbio, China

reductase Activity Assay Kit

TRIzol 15596026CN Thermo Fisher
Scientific, USA

Prime Script™ RT RR420Q TaKaRa, Japan

Mitochondrial DNA Extraction Kit D2021 Saint-bio, China
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Table 2
Antibodies and dilutions used for immunoblot analysis.

Antibody Dilution Reference, Company

anti-GLAST 1:1000 20785-1-AP, Proteintech Biotechnology
anti-GLT-1 1:1000 22515-1-AP, Proteintech Biotechnology
anti-GS 1:1000 80636, Cell Signaling Technology
anti-GFAP 1:1000 AF1177, Beyotime Biotechnology
anti-DRP1 1:1000 12957-1-AP, Proteintech Biotechnology
anti-OPA1 1:1000 27733-1-AP, Proteintech Biotechnology
anti-MFN2 1:1000 12186-1-AP, Proteintech Biotechnology
anti-phospho Drp1 (ser616) 1:1000 3455, Cell Signaling Technology
anti-H;R 1:500 861759, Zenbio

anti-HoR 1:500 861760, Zenbio

anti-H3R 1:1000 ab96787, Abcam

anti-COXIV 1:1000 11242-1-AP, Proteintech Biotechnology
anti-p-tubulin 1:1000 30302ES60, Yeasen Biotechnology
Goat Anti-Rabbit IgG 1:4000 7074, Cell Signaling Technology

Table 3
Antibodies and dilutions used for immunofluorescence analysis.

Antibody Dilution Reference, Company

anti-H;R 1:400 AHR-001, Alomone Labs

anti-HoR 1:400 AHR-002, Alomone Labs

anti-HzR 1:400 DF4981, Affinity Biosciences LTD
anti-GFAP 1:50 sc-65343, Santa Cruz Biotechnology
Goat Anti-Rabbit IgG Fluor594 1:250 S0006, Affinity Biosciences LTD
Goat Anti-Mouse IgG Fluor488 1:250 S0017, Affinity Biosciences LTD

2.3. Animal studies

Mice were randomly divided into four groups of fifteen mice each:
normal control group (NC group), glucose variability group (GV group),
normal control + histidine group (NC + his group) and glucose vari-
ability + histidine group (GV + his group), and the experimental pro-
tocol was based on previous studies (Fig. 1A) [8]. Specifically, mice in
the GV and GV + his groups were subjected to a single intraperitoneal
injection of 150 mg/kg streptozotocin (STZ) to establish a T1D model.
When random blood glucose levels exceeded 16.7 mM and successful
induction of diabetic status was confirmed, insulin replacement therapy
was started with an initial dose of 2 IU/kg body weight per day,
administered subcutaneously, and subsequently adjusted according to
blood glucose levels. The aim of this treatment was to control blood
glucose levels, avoid extreme hyperglycemia, maintain a stable glycemic
baseline, and ensure that experimental animals maintained healthy and
normal weight gain during long-term experiments. During insulin
treatment, recurrent non-severe hypoglycemic states were induced by
administering insulin and glucose twice a week for 2 h each time, over a
period of 4 weeks, to induce increased glucose variability. In hypogly-
cemia experiments, the initial dose of regular insulin was 4.0mIU/g, and
the dose was adjusted every 30 min according to blood glucose levels to
keep blood glucose in the range of 2.0-3.0 mmol/] for two hours. The
hypoglycemic state was terminated by intragastric administration of
glucose (1 mg/kg). During this period, no seizures or coma were
observed. All non-diabetic mice received the same volume of saline in-
jection. Mice in the GV + his and NC + his groups received 1 g/kg L-
histidine intraperitoneally 30 min before each hypoglycemia induction,
while the other groups received an equal volume of saline. Body weight

Table 4
Primers sequences used in the current study.
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and random blood glucose levels were measured regularly weekly in all
mice during the experiment (Fig. 1C-D).

2.4. Immunofluorescence

Mouse right brain hemispheres were fixed in 4 % formaldehyde,
embedded in paraffin, and sectioned into 5-pm-thick coronal slices.
Sections were deparaffinized, dehydrated, and underwent antigen
retrieval before blocking with 1 % BSA. They were incubated with pri-
mary antibodies overnight at 4 °C, followed by fluorescein-conjugated
secondary antibodies for 2 h at room temperature, and stained with
DAPI for nuclear visualization. The prepared sections were then exam-
ined under a fluorescence microscope. The colocalization ratio is ob-
tained by calculating Manders’ Colocalization Coefficients (MCC)
through Coloc 2, a plug-in of Image J software. For further details on the
methodology and the specific steps involved in calculating MCC, please
refer to the Coloc 2 plugin documentation available at https://image;j.
net/plugins/coloc-2.

2.5. Targeting energy metabolomics

Approximately 50 mg of hippocampal tissue was homogenized in
500 pL of 70 % methanol at —20 °C, vortexed for 3 min, and centrifuged
at 12000 rpm for 10 min at 4 °C, from which 300 pL of supernatant was
collected. This was further centrifuged under similar conditions after
which 200 pL of the final supernatant was prepared for analysis using
Shimadzu LC Nexera X2 UHPLC coupled with a QTRAP 5500 LC-MS/MS
(AB Sciex). Chromatographic separation was performed with ACQUITY
UPLC UPLC BEH Amide analytic column. The mobile phase was per-
formed in buffer A (10 mM ammonium acetate in water, pH 8.8) and
buffer B (10 mM ammo-nium acetate in acetonitrile/water (95/5), pH
8.2). The gradient elution was 95-61 % buffer B in 7 min, 61-44 %
buffer B at 9 min, 61-27 % buffer B at 9.2 min, and 27-95 % buffer B at
10 min. The column was equilibrated with 95 % buffer B at the end. 13C-
nicotinic acid (Toronto Research Chemicals) was added as the inter-nal
standard. MultiQuant 3.0.2 software (AB Sciex) was used to integrate
the extracted MRM peaks. All those metobolites were detected by Met-
Ware (https://www.metware.cn/) based on the AB Sciex QTRAP 6500
LC-MS/MS platform. Unsupervised PCA (principal component analysis)
was performed by statistics function prcomp within R (https://www.r-pr
oject.org). The data was unit variance scaled before unsupervised PCA.

2.6. Cell culture and treatment

Establish a primary mouse astrocyte culture model with alternating
high and low glucose conditions to simulate high GV, as previously
(Fig. 1B) [16,19]. Specifically, cerebral cortex was extracted from the
skull of C57BL/6 suckling mice within 24 h of birth. First, the cortical
tissue was carefully dissected from the meninges, then the tissue was cut
into small pieces and digested using 0.25 % trypsin for 15 min. The
tissue was then gently transferred to a filter to collect the isolated cells.
Cells were planted in Dulbecco’s Modified Eagle Medium (DMEM)
containing 10 % fetal bovine serum (FBS) at 37 °C in humidified 5 %
CO2/95 % air and the medium was changed every 3 days. When cell
confluency reached 80-85 %, microglia were removed by overnight
shaking on a shaker and new medium was replaced the following day.

Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3")

cox1 TCCAACTCATCCCTTGACATCG CCCAGGAAATGTTGAGGGAAGA

ND1 CTAGCAGAAACAAACCGGGC CCGGCTGCGTATTCTACGTT

H3R TGCTGTATGGGCCTGCCATCC CACCATCTTCATGCGCTTCTCCAGGGATGC
TGAGTTGG

GAPDH TTCCCGTTCAGCTCTGGG CCCTGCATCCACTGGTGC



https://imagej.net/plugins/coloc-2
https://imagej.net/plugins/coloc-2
https://www.metware.cn/
https://www.r-project.org
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Fig. 1. Animal and cell model interventions: construction, validation, and multiplicity of lentiviral infection. (A) Schematic diagram of animal model
construction. (B) Schematic representation of in vitro cell model intervention. (C) Body weight of mice. (D) Random blood glucose of mice. N = 15. (E) Astrocyte
identification. Scale bar = 100 pm. (F) Determination of the multiplicity of infection (MOI) of lentivirus. Scale bar = 50 pm. DM, diabetes mellitus; RH, recurrent
hypoglycemia; DAPI, 4',6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic protein; MOI, multiplicity of infection; NC, normal control; NG, normal glucose (5.5
mM); GV, glucose variability; NC + his, normal control + histidine; GV + his, glucose variability + histidine/histamine; GV + his + inhibitor, glucose variability +

histidine/histamine + histamine receptor inhibitor.

When astrocyte density reached 95 %, passages were performed for
subsequent experiments. All experiments were performed when cell
confluency reached 80-85 %. To identify astrocytes, cells were first
fixed using 4 % paraformaldehyde and subsequently treated with 0.1 %
Triton-X-100 for 15 min to permeate the cell membrane. Following this,
cells were incubated overnight at 4 °C with monoclonal rabbit antibody
against GFAP. Cells were then washed three times with PBS and then
incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (H + L)
for 1 h at room temperature. Finally, nuclei were stained by treatment
with DAPI staining solution for 5 min at room temperature and

immunofluorescence images were acquired using a fluorescence mi-
croscope (Fig. 1E).

Specific procedures of establishing the high glucose variability
model in vitro were as follows: first, astrocytes were cultured overnight
in DMEM medium containing 16.5 mmol/L glucose, and astrocytes
cultured in DMEM containing 5.5 mmol/L glucose served as the control
group. Astrocytes in the relevant intervention groups will be first incu-
bated for half an hour with inhibitors of histamine receptor subtypes at
concentrations of the HjR inhibitor pyrilamine (10 uM), the HoR in-
hibitor cimetidine (1 pM), and the H3R inhibitor thioperamide (1 pM)



Y. Zhou et al.

[20,21]. Following this, the original medium was removed and replaced
with a new medium containing 1 mM histamine and incubation
continued for 17 h. When performing recurrent low glucose experi-
ments, the original medium was first aspirated and washed for 30 min
using PBS with the aim of depleting intracellular glucose. Then, the
medium was changed to isosmolality low-glucose medium (DMEM
containing 0.1 mmol/L glucose) and incubated for 3 h, after which the
medium was changed back to the original medium and incubated for 2
h. This process was performed five consecutive times. In order to elim-
inate the possible effects brought about by differences in osmolality, D-
mannitol was supplemented at 5.4 mM and 16.4 mM in the medium with
5.5 mmol/L and 16.5 mmol/L glucose, respectively, to ensure the ac-
curacy of the experiment.

2.7. Gene overexpression experiments

H3R ¢cDNA was cloned into GV492-Green Fluorescent Protein (GFP)
vector. GV492-H3R vector and control vector were packaged into len-
tiviral transfection system and purchased from Shanghai Genechem Co.,
Ltd. (Shanghai, China). Primary astrocytes were infected with lentivi-
ruses overexpressing HsR at a multiplicity of infection (MOI) of 30
(Fig. 1F). GFP unloaded lentivirus-infected astrocytes served as negative
controls.

2.8. Cell viability and apoptosis assay

To assess the cell viability of astrocytes, we performed assays using
the CCK-8 kit. 10 pL CCK-8 reagent was added to each well and incu-
bated for 1 h. Optical density (OD) values were measured for each well
using a microplate reader at 450 nm. To detect apoptosis in astrocytes,
we stained using Hoechst 33,342 and PI staining solution. Cells were
stained with Hoechst 33,342 and PI for 30 min at 4 °C in the dark ac-
cording to the kit ’s instructions.

2.9. Cell glutamate reuptake capacity and glucose uptake assay

Glutamate uptake capacity was determined using a glutamate assay
kit. After washing the cells three times with Hank ’s balanced salt so-
lution (HBSS), 400 pL HBSS containing 200 pM glutamate was added to
each well and incubated for 3 h, and the supernatants were collected.
Subsequently, 100 pL of the reaction mixture was added to each well and
the OD value of each well was measured with a microplate reader at 450
nm wavelength. Glutamate reuptake content was calculated as the
amount of glutamate initially added to the medium (200 pM) minus the
glutamate content detected by the kit and finally normalized to the
protein content in the corresponding cells.

Glucose uptake capacity is based on the glucose uptake test Kkit.
Specifically, after completion of the intervention in each group, cells
were incubated for 20 min after addition of 10 mM 2-DG (deoxy-
glucose). Subsequently, reaction mixture was added to each well and the
OD value of each well was measured with a microplate reader at 412 nm
wavelength and finally normalized to the protein content in the corre-
sponding cells.

2.10. Mitochondrial isolation

After different treatments, astrocytes were obtained and then
manipulated according to the instructions of the cell mitochondria
isolation Kkit. Briefly, cells were resuspended in mitochondrial extraction
reagent (provided in the kit) and homogenized with a micro-
homogenizer and then placed in an ice bath for 15 min. The homoge-
nate was centrifuged at 600 x g for 10 min at 4 °C. Supernatants were
collected and centrifuged at 11000 x g for 10 min at 4 °C. Finally,
mitochondrial fractions were collected from the precipitates for subse-
quent experiments. Mitochondria were isolated for subsequent immu-
noblotting assays of phosphor-dynamin-related protein 1 (DRP1) at
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ser616 and COXIV proteins.
2.11. Mitochondrial morphometry

Mitochondrial morphology was assessed by MitoTracker Red stain-
ing under confocal laser scanning microscopy. Cells were incubated with
250 nM MitoTracker Red for 30 min at 37 °C in the dark. Subsequently,
cells were washed with PBS and pre-warmed fresh medium was added.
Mitochondrial morphology was observed using confocal laser scanning
microscopy with MitoTacker Red excitation at 579 nm. Mitochondria
were labeled with red fluorescence. Mitochondrial aspect ratio and form
factor parameters reflecting individual mitochondrial morphology were
calculated using ImageJ software (RRID: SCR_003070).

2.12. Mitochondrial ROS test

Mitochondrial ROS levels were measured by MitoSOX staining. Cells
were washed three times with PBS buffer. Subsequently, cells were
incubated with 5 pM MitoSOX for 30 min at 37 °C in the dark. Cells were
then washed three times and mitochondrial ROS were visualized under a
fluorescence microscope. Fluorescence intensity was calculated using
ImageJ software.

2.13. ATP content test

ATP content was determined using an enhanced cellular ATP assay
kit according to the kit’s instructions. Cells were homogenized and ly-
sates were centrifuged at 12,000xg for 5 min at 4 °C. The supernatant
was added to a 96-well plate and mixed. Luminescence signals were
collected with a luminometer. Total ATP levels were calculated using a
standard curve and then normalized using protein concentration.

2.14. Mitochondrial complex I activity test

Complex I activity was assessed using the Mitochondrial Respiratory
Chain Complex I Enzyme Activity Microplate Assay Kit according to the
kit’s instructions. Briefly, cells were harvested and lysed on ice for 30
min. After centrifugation at 16,000xg for 20 min at 4 °C, supernatants
were collected. Subsequently, 200 pL of sample was added to the 96-well
reaction plate included in the kit and incubated for 3 h at room tem-
perature. Following washing with wash buffer, 200 pL of test solution
was added and OD values were determined for the indicated times in
kinetic mode.

2.15. Mitochondrial oxygen consumption rate (OCR)

Mitochondrial OCR was assessed by a mitochondrial pressure test kit
using a Seahorse Extracellular Flux (Seahorse XFe24) analyzer. Oligo-
mycin, carbonyl cyanide phosphor-(p)-trifluoromethoxy phenyl-
hydrazone (FCCP), and rotenone/antimycin A (Rotenone + Antimycin
A) were diluted in XFe24 assay medium (pH = 7.40) and added to
subsequent extraction columns to reach final concentrations of 1, 2, 0.5,
and 0.5 pM, respectively. Oligomycin, FCCP, and Rotenone + Antimycin
A were injected sequentially into each well. OCR was recorded and
calibrated based on the number of cells per well. Samples with negative
OCR values were excluded from analysis.

2.16. RT-qPCR

Total RNA and DNA were extracted from astrocytes using TRIzol
reagent and a mitochondrial DNA extraction kit, respectively. RNA was
reverse transcribed with the Prime Script™ RT kit, and H3R mRNA levels
were quantified by RT-qPCR using SYBR® Premix Ex Taq™ II, with
GAPDH as the normalization control. Expression was calculated using
the comparative cycle threshold (Ct) method (AACt). Similar procedures
were followed for mitochondrial DNA analysis.
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2.17. Immunoblot analysis

Proteins extracted using lysates containing protease and phosphatase
inhibitors. Proteins (20 pg) were separated by sodium dodecyl sulfa-
te-polyacrylamide gel and transferred to polyvinylidene difluoride
membranes. After blocking with blocking buffer for 30 min, membranes
were incubated with primary antibodies overnight at 4 °C. Membranes
were washed three times with Tris-HCl buffered saline solution and
incubated with horseradish peroxidase-conjugated secondary antibodies
for 2 h at 37 °C. Band densities were analyzed using ImageJ software
(RRID: SCR_003070) and normalized to B-tubulin or COXIV levels.

2.18. Statistical analysis

All experiments were performed at least three times. Data were
presented as mean + standard error (Mean + SEM) using one-way
analysis of variance (ANOVA) with Tukey ’s test as the subsequent
multiple comparison method. All mapping and statistical analyses were
performed using GraphPad Prism software version 9.0.0 (RRID:
SCR_002798). P values less than 0.05 were considered statistically
significant.

3. Results

3.1. The impact of histidine intervention on HR and glutamate metabolic
clearance function in hippocampal astrocytes of GV mice

We conducted immunofluorescence co-localization experiments
using glial fibrillary acidic protein (GFAP) and HR subtypes to explore
HR system changes in astrocytes under increased GV. The results
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indicated decreased expression levels of HiR, HoR, and H3R in the GV
group compared to the NC group, with significant increases in H;R and
HsR following histidine intervention (Fig. 2A-C). Further immunoblot
analysis of hippocampal proteins related to glutamate metabolic clear-
ance revealed a notable decrease in the expression of glutamate-
aspartate transporter (GLAST), glutamate transporter-1 (GLT-1), and
glutamate synthetase (GS) in the GV group, contrasted with an increase
in GFAP expression. Post-histidine intervention, there was a significant
recovery in the expression of GLAST, GLT-1, and GS, and a decrease in
GFAP expression (Fig. 2D-H). These findings suggest that histidine
intervention may contribute to reducing the risk of neurotoxicity in
conditions of increased glucose variability by potentially enhancing
glutamate transporter expression in astrocytes, corroborating our ob-
servations on HR expression changes and underscoring the potential role
of HR system alterations in modulating astrocyte function in the
hippocampus.

3.2. The impact of histidine intervention on the energy metabolism pattern
of hippocampal tissue in GV mice

We utilized energy metabolomics to study the energy metabolism
patterns in the hippocampus of model mice with increased GV following
histidine intervention, aiming to establish the mechanistic clues of the
astrocyte HR system in regulating glutamate metabolic clearance.
Principal component analysis revealed significant metabolic profile
differences between the NC, GV, and GV + his groups along principal
component 1 (PC1, 54.22 % variance), with less distinction between NC
and NC + his groups. Metabolite analysis indicated that glycolysis was
disrupted under increased GV, with key glycolytic metabolites like
glucose, fructose 1,6-diphosphate, dihydroxyacetone phosphate

GV-+his

H3R-GFAP

Co-localizatuion ratio

NC+his GV-+his

GV NC+his GV+his

Q
==

15

s

GFAP/ f-tubulin
(% of NC)
S
b

GS / f-tubulin
(% of NC)

GV NC+his GV-+his NC GV NC+his GV+his NC GV NC+his GV+his

Fig. 2. The impact of histidine intervention on HR and glutamate metabolic clearance function in hippocampal astrocytes of GV mice. (A1-C1) Repre-
sentative images of immunofluorescence co-localization of H;R, HyR and HsR in the CA1 region of the hippocampus, respectively; Scale bar: 20 pym. Arrows show
colocalized astrocytes in hippocampal CA1. (A2-C2) Semi-quantitative results of GFAP co-localization with H;R, HaR, and H3R, respectively. N = 3. * P < 0.05, ** P <
0.01, *** P < 0.001, GV vs. NC; # P < 0.05, ### P < 0.001, GV + his vs. GV. (D) Representative immunoblot images of proteins associated with glutamate metabolic

clearance. (E-H) Relative protein levels of GLAST, GLT-1, GS and GFAP. N = 6. *** P < 0.001, GV vs. NC; ### P < 0.001, GV + his vs. GV. DAPI, 4,6-diamidino-2-

phenylindole; GLAST, glutamate-aspartate transporter; GLT-1, glutamate transporter-1; GS, glutamine synthetase; GFAP, glial fibrillary acidic protein; H;R, hista-
mine receptor 1; HyR, histamine receptor 2; H3R, histamine receptor 3; NC, normal control; GV, glucose variability; NC + his, normal control + histidine; GV + his,

glucose variability + histidine.



Y. Zhou et al.

(DHAP), and others reduced, while Glucose-6-P and lactate levels were
elevated. Post-histidine intervention, levels of glucose, Glucose-6-P,
DHAP, glyceraldehyde 3-phosphate, and lactate significantly increased
(Fig. 3A-H). Abnormalities were also noted in the tricarboxylic acid
(TCA) cycle, with increased levels of citrate, isocitrate, fumarate, and
malate in the GV group, but decreased acetyl-CoA and succinate (Fig. 31I-
N). Oxidative phosphorylation was impacted as well, with reduced
levels of NAD+, cAMP, ATP, and ADP (Fig. 3Q-T). Histidine intervention
did not significantly alter most of these metabolites. Additionally, while
glutamate and L-glutamine levels were initially unchanged between GV
and NC groups, both increased following histidine intervention (Fig. 30-
P). Notably, alanine levels increased in the GV group compared to the
NC group, but remained unchanged following histidine intervention
(Fig. 3U). Due to the distinct regulatory mechanisms of phosphofruc-
tokinase and the expression of pyruvate carboxylase variants in neurons
and astrocytes, the observed metabolic changes may be specific to as-
trocytes. Further research on the impact of increased GV on astrocytic
mitochondrial metabolism will enhance our understanding of HRs in
neuroprotection.

3.3. Activation of HRs enhanced glutamate reuptake by astrocytes in the
context of high GV

To investigate the effect of increased GV on specific brain cell injury,
we developed a primary astrocyte culture model and simulated
increased GV in vivo by alternating high and low glucose culture con-
ditions. Our results showed decreased viability and increased apoptosis
in astrocytes in the GV group compared to the NG group. Histamine
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intervention improved cell viability and reduced apoptosis (Fig. 4A-C).
We also observed decreased expression of H1R, HoR, and H3R in the GV
group, which increased after histamine intervention, confirming HR
activation in astrocytes (Fig. 4D-G). Further, we examined whether HR
activation enhances the expression of glutamate metabolism-related
proteins. In the GV group, there was a significant decrease in GLAST,
GLT-1, and GS protein levels, and an increase in GFAP expression, which
reversed following histamine intervention (Fig. 4H-L). Additionally,
glutamate reuptake capacity was significantly lower in the GV group but
improved after histamine treatment; this improvement was reversed by
inhibiting HR subtypes (Fig. 4M-N). These findings suggest that HR
activation in astrocytes not only boosts cell viability and decreases
apoptosis but also promotes the expression of proteins involved in
glutamate clearance, enhancing glutamate reuptake and potentially of-
fering neuroprotection against brain injury caused by increased GV. We
also assessed glucose uptake and lactate secretion in astrocytes under
different conditions. Both were significantly elevated in the GV group
compared to the NG group, with no significant changes post-histamine
intervention (Fig. 40-P).

3.4. HRs regulated mitochondrial function of astrocytes in the context of
high GV

Previous studies have shown that alleviating mitochondrial
dysfunction can restore astrocyte function in environments of increased
GV [16,19]. We further explored mitochondrial function in astrocytes
using histamine and specific inhibitors for each receptor subtype. Using
MitoSOX staining, we found that mitochondrial ROS levels were
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significantly higher in astrocytes with inhibited H;R, HoR, and H3R
compared to the GV + histamine group (Fig. 5A-B). Additionally,
mitochondrial DNA (mtDNA) replication levels were significantly
reduced upon HR inhibition (Fig. 5C), aligning with increased mito-
chondrial ROS, which can damage mtDNA and affect its replication
[22]. Given that mtDNA encodes key proteins for the electron transport
chain, disruptions in mtDNA replication can impair mitochondrial res-
piratory function [22]. We assessed mitochondrial respiratory capacity
using a Seahorse XF24 analyzer, observing a decline in various

respiratory parameters upon HR inhibition, particularly after HsR in-
hibition (Fig. 5D-I). Further analyses of cellular ATP content and mito-
chondrial respiratory chain complex I activity confirmed these findings
(Fig. 5J-K). These results highlight the critical role of histamine and its
receptors, especially H3R, in maintaining mitochondrial function and
supporting respiratory activity and ATP production in astrocytes under
increased GV conditions.
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3.5. HRs regulated mitochondrial dynamics of astrocytes in the context of
high GV

Mitochondrial fission and fusion (dynamics) homeostasis is the
premise and basis for maintaining mitochondrial number, morphology
and function [23]. Previous studies have shown that recurrent
hypoglycemia-induced increases in GV lead to excessive mitochondrial
fission in mouse hippocampal tissue, disrupting mitochondrial homeo-
stasis and causing cognitive decline [7]. We explored how histamine and
its receptors regulate mitochondrial function in astrocytes under
increased GV conditions. Using MitoTracker Red and confocal micro-
scopy, we observed mitochondrial morphology in astrocytes and
analyzed aspect ratio and form factor. Both parameters decreased,
particularly with H3R inhibition, indicating increased mitochondrial
fragmentation (Fig. 6A-C). We also examined proteins regulating
mitochondrial dynamics. Post-HR inhibition, especially H3R, there was
an increase in total and phosphorylated DRP1 at Ser616, and a decrease
in mitofusin-2 (MFN2) and optical atrophy 1 (OPA1) expression, sug-
gesting that HsR inhibition affects mitochondrial morphology and
function by altering proteins involved in mitochondrial fission and

fusion (Fig. 6D-H).

3.6. Hj3R balanced mitochondrial dynamics to restore the glutamate
reuptake function of astrocytes in the context of high GV

We investigated the role of H3R in astrocyte glutamate metabolic
clearance by overexpressing HsR in astrocytes and administering a
mitochondrial fusion inhibitor (MFI8, 20 uM, 6 h) [24]. Overexpression
of H3R significantly increased both protein and mRNA levels of H3R,
confirming successful transfection (Fig. 7A-C). Additionally, H3R over-
expression upregulated the protein expression of glutamate transporters
GLAST and GLT-1, and the metabolic enzyme GS, enhancing glutamate
reuptake capacity. However, these effects were diminished by MFIS,
which reduced the levels of GLAST, GLT-1, and GS (Fig. 7D-H). These
findings indicate that H3R can improve glutamate clearance in astro-
cytes in high GV environments through mechanisms linked to mito-
chondrial dynamics.
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receptor 3 inhibitor.

4. Discussion

In this study, we investigated the mechanisms by which histamine
and its receptor system preserve glutamate metabolic clearance capacity
through the regulation of mitochondrial function in astrocytes under
conditions of recurrent hypoglycemia-induced increased GV. Our find-
ings unveil the key role of H3R in this process, along with elucidating the
underlying mechanism involving mitochondrial dynamics. The study
not only enhances the understanding of the underlying mechanisms but
also identifies potential therapeutic targets within the astrocyte mito-
chondrial and histamine receptor pathways. These targets present op-
portunities for developing novel strategies to protect astrocytes from
metabolic stress and improve neurological outcomes in diabetes-related
conditions.

Our previous study found that the histidine metabolic status and HR
systems in the hippocampus is highly responsive to glycemic fluctua-
tions [8]. However, in conditions characterized by increased GV, the
precise effects on astrocytes, as well as the mechanisms through which
they regulate hippocampal energy metabolism, remain unclear. This

study initially validated, through immunofluorescence co-localization,
that increased GV can induce a decrease in HR expression in astro-
cytes within the mouse hippocampus. Conversely, histidine intervention
was found to up-regulate its expression, with statistically significant
effects observed for HiR and HsR. Furthermore, targeting metabolomics
analysis unveiled alterations in energy metabolism pathways such as
glycolysis, oxidative phosphorylation, and the TCA cycle in hippocam-
pal tissue of mice experiencing increased GV compared to normal mice.
Notably, while several key glycolytic metabolites were reduced, we
observed elevated levels of Glucose-6-P and lactate under conditions of
increased GV. This apparent discrepancy in glycolytic metabolites sug-
gests a complex metabolic response to GV, potentially involving alter-
native pathways for lactate production. A previous study showed similar
results in comparison with the diabetic group: metabolic pathways such
as TCA cycle and gluconeogenesis were differentially altered in the
hippocampus of diabetic rats exposed to recurrent hypoglycemia.
Meanwhile, the activities of key glycolytic enzymes, such as hexokinase,
phosphofructokinase, and pyruvate kinase, have also been compromised
[25]. Although there are differences in the control groups of various
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fusion inhibitor.

studies, these findings indirectly demonstrate that hippocampal energy
metabolism is highly sensitive to changes in body glucose homeostasis,
and different forms of changes in blood glucose homeostasis can trigger
issues in hippocampal energy metabolism. In this study, we discovered
the potential of histidine to improve the imbalance in hippocampal
energy metabolism under conditions of high GV, as it can reverse the
changes in the content of some metabolites in the aforementioned en-
ergy metabolic pathways. Interestingly, we observed increased levels of
alanine in the GV group compared to the NC group, while glutamate and
L-glutamine levels were elevated in the GV+ his group relative to the GV
group. Lactate levels were increased in the GV group compared to the
NC group and further elevated in the GV+ his group relative to the GV
group. Additionally, NAD+ levels were decreased in the GV group
compared to the NC group. These metabolic changes, particularly the
elevated lactate levels despite apparent downregulation of some glyco-
lytic metabolites, suggest an enhanced transamination process. This
process could generate pyruvate (further converted to lactate) and
glutamate (further converted to glutamine), providing an alternative
explanation for the observed metabolic shifts under conditions of
increased glucose variability and histidine intervention.

Our targeted metabolomics study captured these changes in gluta-
mate metabolism, consistent with the observed changes in the expres-
sion of proteins related to glutamate metabolic clearance in the
hippocampal area. In further in vitro studies, we observed that high GV
significantly affected the expression of HRs (including H;R, HzR, and
H3R) and proteins related to glutamate metabolic clearance in primary
astrocytes, with a reduced capacity for glutamate reuptake. Upon his-
tamine intervention in these cells, the expression of all three HR sub-
types was significantly increased, and the indicators related to
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glutamate metabolic clearance were reversed. However, when these
three HR subtypes were inhibited pharmacologically, the glutamate
reuptake capacity of primary astrocytes was again significantly reduced.
This series of findings confirms that HRs play a critical role in regulating
glutamate metabolic clearance function in astrocytes in states of
increased GV. In addition, astrocytes from the GV group showed sig-
nificant increases in glucose uptake and lactate secretion capacity
compared to the normal group. However, these capacities did not
demonstrate significant changes after histamine intervention. This
phenomenon may indicate that the HR system could influence the
regulation of glutamate metabolic clearance in astrocytes, possibly
through the mitochondrial pathway, in an environment of increased
glucose variability.

Research has shown that oxidative phosphorylation of mitochondria
has been found to be not essential for bioenergy, proliferation and sur-
vival of astrocytes [26]. Nevertheless, mitochondria of astrocytes ex-
press all TCA cycle enzymes and maintain modest oxidative
phosphorylation activity [27], suggesting that they assume other
metabolic roles in addition to glucose oxidation and ATP production. For
instance, moderate levels of oxidative phosphorylation activity in as-
trocytes are crucial for eliminating lipid waste products and safe-
guarding the brain from lipotoxicity and degeneration [28]. In this
study, we found that under conditions of high GV, when HRs are
inhibited, there are significant abnormalities in the mitochondrial
function of astrocytes, including fragmentation, increased accumulation
of ROS, decreased respiratory capacity, and imbalance in dynamics.
Different HR subtypes differ in regulating mitochondrial function,
particularly H3R. Overexpression of H3R reverses disturbances in mito-
chondrial dynamics, thereby restoring glutamate metabolic clearance in
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astrocytes. These results confirm the key role of the mitochondrial
pathway in the regulation of glutamate metabolic clearance by HRs in
astrocytes. Additionally, they unveil the differential regulation of
mitochondrial function by different HR subtypes. We believe that the
potential reasons for this differential regulation may include the
following aspects: 1) Differences in signaling pathways. It has been
shown that different HR subtypes on astrocytes can modulate cellular
function by activating different signaling pathways [18]. H3R may
regulate the expression or activity of proteins involved in mitochondrial
dynamics through specific signaling pathways, such as cAMP or
mitogen-activated protein kinase (MAPK) pathways, thereby having a
more significant impact on mitochondrial function. 2) HR subtypes may
differ in their distribution and localization within astrocytes. If a certain
isoform (e.g., H3R has a higher expression level or a more preferential
localization near mitochondria, then its regulatory effect on mitochon-
drial function may be more direct and significant. 3) Differences in re-
ceptor activity or affinity. Astrocyte HR subtypes may differ in their
binding activity or affinity to ligands (histamine). If H3R has a higher
affinity for histamine or a stronger activation effect, then it may mediate
a more significant modulation of cellular responses and mitochondrial
function. The mechanism of these differential regulation needs to be
confirmed by further studies.

Our study has the following limitations: current research has pri-
marily focused on brain damage caused by repeated hypoglycemia-
induced GV, but the effects and mechanisms of glycemic fluctuations
between high and normal levels in diabetic patients, as well as high GV
in non-diabetic patients under conditions such as infections or tumors,
and the influence of histamine and its receptors’ regulatory roles,
remain unclear. Additionally, our animal model used a chemically
induced T1D mouse model, which may not fully simulate the specific
human condition. Moreover, astrocytes exhibit transcriptomic and
functional heterogeneity across different brain regions and even
different cortical layers [9]. Therefore, it is crucial to further study the
heterogeneity and mechanisms of action of astrocytes under conditions
of high GV, which will help us more comprehensively understand how
astrocytes respond under different metabolic states.

In summary, our study demonstrates that under conditions of
increased GV, histamine and its receptors significantly impact the
mitochondrial function and glutamate clearance ability of astrocytes.
Particularly, the activation of HsR can reverse the mitochondrial
dysfunction and decline in glutamate clearance ability caused by
increased GV, offering a new potential target for the treatment of
diabetes-related cognitive decline.
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