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GRAPHICAL ABSTRACT

Region-specific changes in oxidative stress and neuroinflammation in diabetic brain
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ABSTRACT

Introduction: Type 1 diabetes (T1D) causes cognitive decline and has been associated with brain meta-
bolic disorders, but its potential molecular mechanisms remain unclear.

Objectives: The purpose of this study was to explore the molecular mechanisms underlying T1D-induced
cognitive impairment using metabolomics and lipidomics.

Methods: We developed an optimized integration approach of metabolomics and lipidomics for brain tis-
sue based on UPLC-Q-TOF-MS and analyzed a comprehensive characterization of metabolite and lipid
profiles in the hippocampus and frontal cortex of T1D male mice with cognitive decline (T1DCD) and
age-matched control (CONT) mice.

Results: The results show that T1DCD mice had brain metabolic disorders in a region-specific manner rel-
ative to CONT mice, and the frontal cortex exhibited a higher lipid peroxidation than the hippocampus in
T1DCD mice. Based on metabolic changes, we found that microglia was activated under diabetic

Abbreviations: 4-HNE, 4-hydroxynonenal; 8-OHdG, 8-hydroxy-2 deoxyguanosine; CONT, control; CV, coefficient of variation; LC-MS, liquid chromatography mass
spectrometry; LOP, lipid peroxidation; NP, number of peaks; OPLS-DA, orthogonal projection to latent structures-discriminant analysis; PCA, principal components analysis;
QC, quality control; RT-PC, real-time polymerase chain reaction; STZ, streptozotocin; T1D, type 1 diabetes; T1DCD, type 1 diabetes with cognitive decline; VIP, variable

importance in projection.
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condition and thereby promoted oxidative stress and neuroinflammation, leading to neuronal injury, and

this event was more pronounced in the frontal cortex than the hippocampus.

Conclusion: Our results suggest that brain region-specific shifts in oxidative stress and neuroinflamma-

tion may contribute to diabetic cognitive decline, and the frontal cortex could be the more vulnerable

brain region than the hippocampus.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Type 1 diabetes (T1D) is an autoimmune disease mainly occur-
ring in childhood and adolescent due to pancreatic B cells destruc-
tion [1]. The incidence rate of T1D is increasing globally and nearly
1.1 million individuals below 20 years of age are estimated to be
diagnosed as T1D in 2019 [2]. Increasing evidence has indicated
that T1D contributes to accelerate cognitive impairment [3,4],
which might be attributed to vasculopathy [5], neuronal and astro-
cytic injuries [6], apoptotic neuronal death [7], neuroinflammation
[8] and oxidative stress [9]. Besides, our previous studies reported
that brain metabolic disorders may be also associated with cogni-
tive decline in both type 2 diabetic db/db [10] and T1D [11] mice. It
has been well known that metabolic disorders play a crucial role in
the onset and development of diseases [12]. Therefore, exploring
cerebral metabolic changes in T1D with cognitive decline will facil-
itate to uncover its pathogeneses and develop potential therapeu-
tic strategies.

Metabolomics aims to detect a comprehensive set of small-
molecular metabolites in biological samples using advanced ana-
lytical techniques, which has been widely used to explore patho-
physiology and identify diagnostic, therapeutic and prognostic
biomarkers of diseases [13,14]. Lipidomics, as a branch of metabo-
lomics, has been considered as a complementary approach to sys-
tematically analyze all lipids and relevant lipid pathways [15].
Thus, integrated lipidomics and metabolomics contribute to better
discover possible molecular mechanisms of diseases. In recent
years, an integrated approach of metabolomics and lipidomics
has been receiving a great interest in the research field of brain
metabolism. Yu et al. developed a parallel metabolomics and lipi-
domics analytical method to profile region-specific shifts in
metabolites and lipids in the brain of mice [16]. This integrated
method greatly promotes metabolomics to expose molecular
mechanisms underlying brain diseases [16]. However, of note,
sample pretreatment is a vital step that affects the quality of omics
data [17,18]. Thus, optimizing sample pretreatment method is
essential for ensuring the reliability of an integrated study of meta-
bolomics and lipidomics.

In the present study, we aimed to develop an optimized and
user-friendly sample pretreatment strategy to obtain high cover-
age and reproducibility of metabolomics and lipidomics data in
the mouse brain based on UPLC-Q-TOF-MS. Subsequently, the
developed method was applied to profile the wide changes of
metabolites and lipids in the frontal cortex and hippocampus of
T1D mice with cognitive decline and to investigate potential
molecular mechanisms underlying diabetic cognitive impairment.

Materials and methods
Reagents and materials

Methanol (MeOH), acetonitrile (ACN), isopropanol (IPA), formic
acid, and ammonium acetate of HPLC grade were purchased from
Thermo Fisher Scientific (Waltham, MA). Chloroform (CHCl;) was
analytical grade and purchased from Sinopharm Chemical Reagent
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Co., Ltd. (Shanghai, China). Streptozotocin (STZ) was purchased
from Sigma-Aldrich (St. Louis, MO). Deionized water was purified
using a Milli-Q Academic System (Billerica, MA, USA).

Animals

Specific pathogen-free C57BL/6] mice (male, age = 8 weeks)
were purchased from the Charles River (Beijing, China) and housed
at the Laboratory Animal Center of Wenzhou Medical University
(Wenzhou, China) with a stable condition (temperature,
22 + 1 °C; humidity, 55 + 5%; light/dark cycle, 12 h/12 h). Mice
were given free access to standard mice chow and tap water.

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the Ethics Com-
mittee of Wenzhou Medical University, China (Approval no.:
xmsq2021-0502).

Streptozotocin-induced diabetic model

After 1 week of acclimation, all mice were randomly divided
into the normal control (CONT, n = 9) and diabetic (T1D, n = 9)
groups. After 8 h fasting, mice in the T1D group received an
intraperitoneal injection with STZ solution prepared in citrate buf-
fer (0.1 M, pH = 4.5) at a dose of 60 mg/kg for 5 consecutive days.
Meanwhile, mice in the CONT group were injected with the same
volume of citrate buffer. After 5 days of STZ injection, blood glucose
level was measured from a tail nick using a handheld glucometer
(ACCU-CHEK Active, Mannheim, Germany), and T1D mice were
defined when blood glucose level > 11.1 mmol/L. In addition, body
weight, daily food intake and daily water intake of mice were also
measured in this study.

Morris water maze (MWM) test

In our previous studies, we reported that STZ-induced diabetic
rat or mouse model exhibited cognitive dysfunction after 10 weeks
of STZ treatment [11,19]. At 11 weeks of STZ injection, therefore,
the MWM test was used to assess learning and memory abilities
in mice according to our previous study [19]. In this study, to
examine the impact of the MWM test on brain metabolic profile,
we randomly selected 5 mice in each group for behavioral evalua-
tion and the other 4 mice continued with normal daily feeding.
Briefly, the MWM test was carried out in a circular pool (diameter,
110 cm; height, 30 cm) filled with opaque water, and the escape
platform (diameter, 7 cm) was submerged below the surface of
the water. If mice cannot reach the escape platform within 60 s,
during a 4-day training period, mice were guided to arrive at the
platform by operator. In the test period, the trained mice were sub-
jected to a 90 s test trial after removing the escape platform. The
computer system equipped with an overhead camera was
employed to monitor the behavioral changes of mice. Moreover,
the percentages of distance and time in goal area and the escape
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latency during the training period as well as the platform fre-
quency and the percentages of distance and time in goal area dur-
ing the test period were calculated with the Viewer-2 software
(Biobserve GmbH, Bonn, Germany).

Brain tissue separation and collection

After the MWM test, mice rested for 24 h and were sacrificed by
rapid decapitation under isoflurane anaesthesia (5% induction; 2%
maintenance) and brain tissue was isolated immediately. The hip-
pocampus and frontal cortex have been commonly considered to
serve for cognitive control [20,21]. Thus, the brain was divided into
the frontal cortex and hippocampus according to anatomia [22] for
further analysis. All brain tissues were frozen in liquid nitrogen
rapidly and kept at —80 °C until analysis.

Real-time polymerase chain reaction (RT-PCR) analysis

Total RNA was extracted from the hippocampus and frontal cor-
tex by using TRIZOL reagent (Takara, Shiga-ken. Japan). Then cDNA
was reverse-transcribed by PrimeScriptTM RT reagent kit (TaKaRa,
RRO37A, Tokyo, Japan) and quantified via a Bio-Rad CFX384 (Bio-
Rad Laboratories, Inc. CA. USA) and SYBR Green qPCR Master Mix
(Takara, Beijing, China). The relative expression level of target
genes was quantified with the AACT method. Each sample was
analyzed in triplicate. The primer pairs in this study were listed
in Table S1.

Immunohistochemistry

Mice were anesthetized under isoflurane anaesthesia (5% induc-
tion; 2% maintenance) and then perfused through the aorta with
0.1 M phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde fixative. The brain tissue was dehydrated with
a series of graded ethanol, embedded in paraffin and cut into
5 wm sections by using a slicing machine (Leica, Germany). The
brain section was incubated with primary antibodies against 8-
OHdG (mouse, 1: 100; Abcam, Cambridge, UK), 4-HNE (rabbit, 1:
400; Abcam, Cambridge, UK) and Iba-1 (rabbit, 1: 200; Abcam,
Cambridge, UK) overnight at 4 °C, respectively, and then incubated
with biotin-conjugated secondary antibodies for 1 h at 37 °C. The
brain section was incubated Nissl staining solution (Beyotime
Biotechnology, shanghai, Chian) for 1 h at 37 °C. Subsequently,
images were acquired with Nikon ECLIPSE Ti microscope and pro-
cessed by the Image] software.

Optimization procedure of metabolomics and lipidomics analyses

In this study, polar and lipid compounds in brain tissue were
extracted by using the methanol/water/chloroform (MWC)
method. First, we examine the effect of solvent addition sequence
on the quality of omics data. Briefly, the frozen brain tissue (10 mg)
was weighed into an Eppendorf tube and added with ice-cold
methanol/water (v: v, 1: 1) for method 1 or chloroform for method
2. The sample was homogenized completely with a handheld
homogenizer, and then added with ice-cold chloroform for method
1 or methanol/water for method 2. For method 3, the brain tissue
was weighed into an Eppendorf tube and added with methanol/
water/chloroform simultaneously. Subsequently, the mixture was
stood on ice for 15 min after vortexing for 15 s, and centrifuged
at 10,000g for 15 min at 4 °C. Finally, the supernatant was trans-
ferred to a new tube, dried under a N, stream, and stored at
—80 °C until analysis.

Then, the mixture design method was used to optimize solvent
addition ratio for maximizing the coverage and reproducibility of
omics data under Design-Expert software (Stat ease, Minnesota,
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USA). In this study, there were two independent variables, metha-
nol/water (X1, 50 $MeOH) and chloroform (X2, CHCl3), and one
response variable (Y, the number of reliable peaks). The detailed
experimental design was listed in Table S2. Each extraction was
carried out in quintuplicate.

UPLC-QTOF/MS analysis

In the MWC extraction, the upper phase containing polar com-
pounds was subjected to metabolomics and the lower phase con-
taining lipid compounds to lipidomics. The dried polar
compounds were reconstituted in 100 pL of ACN/water (1: 1, v:
v) and the dried lipid compounds were reconstituted in 125 pL
of CHCI3/MeOH (1: 1, v: v). Then the mixture was centrifuged for
15 min at 15,000g at 4 °C, and the supernatant was collected for
LC-MS/MS analysis. Sample analysis was conducted on a SHI-
MADZU CBM-30A Lite LC system (Shimadzu Corporation, Kyoto,
Japan) coupled to an API 6600 Q-TRAP (AB SCIEX, Foster City, CA,
USA) mass detector within a 80-1200 m/z mass range for ESI+
and ESI- models. Polar and lipid compounds separation were sep-
arated on a Waters Acquity amide-based HILIC column (2.1 x 100
mm, 1.7 pm) and Phenomenex kinetex C18 column (2.1 x 100 mm,
2.6 um), respectively. The mobile phase of polar compounds was
consisted of 5 mM ammonium acetate and 0.1% formic acid in
water (A) and acetonitrile (B) at a flow rate of 0.3 mL-min~'. The
gradient elution was as follows: 0-0.5 min, 98% B; 0.5-13 min,
98-40% B; 13-3.1 min, 40-98% B; 13.1-18 min, 98-98% B. The col-
umn temperature was set at 35 °C. The injection volume was 2 pL.
The collision energy of fragment was 40 V. The mobile phase of
lipid compounds with the following conditions: (A) H,O: MeOH:
ACN (3: 1: 1, v: v: v) with 5 mM ammonium acetate, (B) IPA, at a
flow rate of 0.3 mL-min~'. Analysis was performed in gradient elu-
tion as follows: 0-0.5 min, 25% B; 0.5-1.5 min, 25-40% B; 1.5-
3 min, 40-60% B; 3-13 min, 60-98% B; 13-13.1 min, 98-25% B;
13.1-18 min, 25-25% B. The column temperature was controlled
at 40 °C. Volume of sample introduced into injector was 1 pL.
The collision energy used for the fragmentation was 40 V.

Data preprocessing and analysis

After data acquisition, raw data were converted to mzXML for-
mat and subjected to data preprocessing including peak alignment
and peak picking using the XC-MS software (XC-MS plus, CA, USA).
The main parameters were set as follows: peakwidth = 50,
Bw = 0.1, Mzwid = 0.1, Minfrac = 80%. Then, three-dimensional
raw datasets including their m/z, retention time (RT) and peak
intensity were exported into Microsoft Excel 2020 (Microsoft Corp.,
Redmond, WA). In this study, peaks with intensity below 500 were
excluded from further analysis. The coefficient of variation (CV,
standard deviation/average intensity x 100%) was calculated to
indicate data reproducibility by Microsoft Excel 2020, and peaks
with CV% >30% were defined as high variability peaks. Therefore,
peaks with intensity > 2000 and CV¥% <30% in positive mode and
with intensity > 1000 and CV% <30% in negative mode were
selected as reliable peaks for further analysis.

In this study, metabolites were identified via MetDNA2 (http://
metdna.zhulab.cn/) and One-MAP (http://www.50mics.com/)
based on accurate m/z value and MS/MS characteristic fragments.
We identified 780 and 210 metabolites from MetDNA2 and One-
MAP, respectively. Moreover, LipidView software (v1.2, AB Sciex,
MA, USA) was used for lipid identification according to accurate
mass and MS/MS fragments. Finally, these identified metabolites
and lipids were further verified by using the HMDB 4.0 [23].

Prior to univariate and multivariate data analyses, LC-MS raw
data were normalized by using Log 10 transformation and Pareto
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scaling. Multivariate analysis including principal components anal-
ysis (PCA) and orthogonal projection to latent structures-
discriminant analysis (OPLS-DA) were conducted by SMICA-P soft-
ware (v14.0, Umetrics, Umea, Sweden). PCA, an unsupervised
model, was used to examine the overview of metabolic pattern
changes between CONT and T1DCD mice. OPLS-DA, a supervised
model, was performed to further evaluate the metabolic differ-
ences between CONT and T1DCD mice in different brain regions
and identify important metabolites. A 10-fold cross validation
was applied to assess the performance of OPLS-DA, where R? and
Q? were calculated as indicators for goodness of fitness and predic-
tion of the model, respectively. These two parameters close to 1.0
indicate a qualified model. Important metabolites responsible for
classification were identified by the variable importance in the
projection (VIP) scores of OPLS-DA. Venn diagrams were drawn
via an online website (http://bioinformatics.psb.ugent.be/webt-
ools/Venn/index.html). Metabolic pathway analysis was carried
out by using Metaboanalyst 5.0 (https://www.metaboanalyst.ca/).
In this study, data are presented as mean * standard error of the
mean (SEM). The difference among three groups was evaluated
using one-way ANOVA with pairwise comparison and the differ-
ence between two groups was analyzed using two-tailed unpaired
Student’s t-test in SPSS software (IBM SPSS statistics 22). The
escape latency during the training period in the MWM test was
analyzed by repeated measure analysis in SPSS software. A statis-
tically significant significance was defined when p value < 0.05.

Results

Optimized integration of metabolomics and lipidomics profiling in the
brain tissue of mice by UPLC-Q-TOF-MS

In this study, prior to sample extraction, brain tissue was first
broken up by using a tissue homogenizer directly in the extraction
solvent system. To acquire both metabolomics and lipidomics data
from the same sample, a two-phase extraction method composed
of methanol/water/chloroform was carried out under LC-MS-
based analytical platform (Fig. 1A). The advantage of this method
is the simultaneous extraction of both polar and lipid components
into two different partitions [24]. In this process, the upper phase
(methanol/water layer) containing polar compounds was sub-
jected to metabolomics analysis and the lower phase (chloroform
layer) containing lipid compounds to lipidomics analysis, as illus-
trated in Fig. 1A. In the present study, the extraction procedure
was optimized and the number of peaks (NP) and coefficient of
variation (CV) were calculated to evaluate the coverage and repro-
ducibility of omics data, respectively. First, we examined the effect
of solvent addition sequence on the data quality of metabolomics
and lipidomics in the brain tissue of mice, including method 1,
adding methanol/water first and then chloroform; method 2, add-
ing chloroform first and then methanol/water; method 3, adding
all solvents simultaneously. The results demonstrate that the num-
ber of reliable peaks in both positive (NRPP, Fig. 1B) and negative
mode (NRPN, Fig. 1C) were significantly higher in method 1 when
compared with other two methods using an amide-based HILIC
column. There were two reasons for this phenomenon: on the
one hand, in method 1, brain tissue was first homogenized in the
methanol/water solvent system, which facilitated the extraction
of polar metabolites into the polar phase; on the other hand, HILIC
is more favorable to analyze polar metabolites in both positive and
negative modes [25,26]. Using a C18 column, we found that NRPN
was significantly higher in method 1 relative to other two methods
(Fig. 1E), which might be due to the fact that polar lipids extracted
by method 1 are better detected with negative ionization [27].
However, there was no significant difference in NRPP between
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method 1 and method 2 (Fig. 1D), indicating that chloroform addi-
tion sequence had a lesser impact on the data quality of lipidomics
in the brain tissue using a C18 column in positive mode. Addition-
ally, method 3 of all solvents simultaneously was not a suitable
extraction strategy for both metabolomics and lipidomics analysis
in the brain tissue of mice, which is in agreement with the finding
of Wu et al. [28] in fish liver for metabolomics. They also reported
that this all-in-one approach can extract macromolecular metabo-
lites, resulting in lower ionization efficiency for other metabolites
during LC-MS analysis [28]. Overall, our results reveal that method
1, namely adding methanol/water first and then chloroform, can
acquire higher coverage and reproducibility of both metabolomics
and lipidomics data in the brain tissue of mice, but whether this
method is also applicable to other types of tissues cannot be con-
cluded in the current study.

Of note, different solvent ratios result in different polarities and
thereby affect the extraction efficiency of metabolites or lipids. To
improve the data quality of metabolomics and lipidomics, there-
fore, optimizing the ratio of extraction solvent system is of great
importance due to metabolite or lipid variations across different
tissues [29]. Herein we used mixture design method to optimize
the ratio of extraction solvent for metabolomics and lipidomics
in the brain tissue of mice by maximizing NRPP and NRPN. The
detailed experimental results were listed in Table S3. Moreover, a
contour plot showing changes in the number of reliable peaks as
a function of 50 ¥MeOH and CHCl3 was used to determine the opti-
mal extraction method. The results show that the optimal propor-
tions of 50 ¥MeOH:CHCl; for analyzing polar and lipid compounds
in the mouse brain were 16:4 (Fig. 1F) and 9:11 (Fig. 1G), respec-
tively. Yet, for analyzing both polar and lipid compounds, the opti-
mal proportion of 50 ¥MeOH:CHCl; was 9.8:10.2 (Fig. 1H). Using
the optimized extraction method, we detected>4000 metabolite
and 6000 lipid features simultaneously in the same mouse brain,
where 990 metabolites and 1330 lipids were identified via auto-
mated MS/MS spectral matching.

Optimized metabolomics and lipidomics analyses reveal brain region-
specific shifts of metabolites and lipids in TIDCD mice

Typical T1ID symptoms occurred in mice treated with STZ as
indicated by significantly higher levels of blood glucose (Fig-
ure S1A), daily food intake (Figure S1C) and daily water intake (Fig-
ure S1D) but lower body weight (Figure S1B) relative to normal
control mice. The MWM test was employed to evaluate the learn-
ing and memory abilities of mice. During the training period, the
percentages of distance and time in goal area and the escape
latency of T1IDCD mice were significantly longer than that of CONT
mice (Fig. 2A-2C). The swimming trajectories of CONT and T1DCD
mice during the test period were illustrated in Fig. 2D and 2E,
respectively. Then, we calculated several behavioral indicators
and the results reveal that the number of crossings over the origi-
nal platform location (Fig. 2F), and the percentages of the distance
(Fig. 2G) and time (Fig. 2H) in goal area during the test period were
significantly reduced in TIDCD mice relative to CONT mice, sug-
gesting impaired learning and memory abilities in TIDCD mice.

To explore potential metabolic mechanisms underlying T1D-
associated cognitive decline, the optimized analytical method pro-
posed herein was employed to acquire both metabolomics and lipi-
domics profiling in the hippocampus and frontal cortex, as two
main brain regions involved in cognitive processes [20,21]. First,
we observed that quality control (QC) samples were center-
clustered in PCA score plots, indicating a good instrumental repro-
ducibility across different analytical runs (Figure S2). Additionally,
brain metabolic patterns were not significantly differed in mice
with and without the MWM test (Fig. 3A-3D; Figure S3). These
results indicate high reliability of metabolomics and lipidomics
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Fig. 1. Integrated analytical method for metabolomics and lipidomics in the mouse brain based on UPLC-Q-TOF-MS. (A) The analytical workflow: a two-phase extraction
approach (methanol/water/chloroform) was carried out to extract metabolites in the brain of mice, where the upper phase (methanol/water layer) containing polar
compounds was subjected to metabolomics analysis and the lower phase (chloroform layer) containing lipid compounds to lipidomics analysis. (B) The number of reliable
peaks (CV% <30%; intensity > 2000) in positive mode (NRPP) using an amide-based HILIC column. (C) The number of reliable peaks (CV% <30%; intensity > 1000) in negative
mode (NRPN) using an amide-based HILIC column. (D) The number of reliable peaks (CV% <30%; intensity > 2000) in positive mode (NRPP) using a C18 column. (E) The
number of reliable peaks (CV% <30%; intensity > 1000) in negative mode (NRPN) using a C18 column. Mixture design method was used to optimize the ratio of extraction
solvent by maximizing NRPP and NRPN, and the contour plots showing changes in NRPP and NRPN (R1) as a function of 50 %¥MeOH and CHCl; for analyzing (F) polar
compounds, (G) lipid compounds and (H) both polar and lipid compounds in the mouse brain. Data are presented as mean * standard error of the mean (SEM). The difference
among three groups was assessed using one-way ANOVA with pairwise comparison. Significant level: **, p < 0.01; *** p < 0.001; ns, p > 0.05.

data. The PCA score plots show that clear separations were
obtained between CONT and T1DCD mice in the frontal cortex
and hippocampus based on both metabolomics and lipidomics
data (Fig. 3A-3D; Figure S4), suggesting that cerebral metabolome
and lipidome were significantly altered in TIDCD mice. Subse-
quently, we identified important differentiated metabolites and
lipids between CONT and T1DCD mice using multivariate (OPLS-
DA, Figure S4) and univariate analyses (T-test, Tables S4-S7). In this
study, metabolites or lipids with VIP-value > 1.0 and p-value < 0.05
were selected for further analysis, as listed in Tables S4-S7.

Venn diagram analysis shows that there were 11 common fea-
tures in these two brain regions, while 129 and 124 features were
identified as unique features in the frontal cortex and hippocam-
pus, respectively (Fig. 3E). The levels of L-methionine, N-acetyl-L-
aspartate, citrate, docosanoylcarnitine, L-carnitine, ethanolamine
phosphate, and DG(9D5/9D5/0:0)) were significantly decreased,
while S-glutathionyl-L-cysteine, (2S,4S)-4-hydroxy-2,3,4,5-tetrahy
drodipicolinate (HDT), and D-glucose-6-sulfate were significantly
increased in these two brain regions of TIDCD mice when com-
pared with CONT mice as shown in Figure S5. Moreover, the level
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of PA(16:1/16:0) was found to be higher in the frontal cortex but
lower in the hippocampus of TIDCD mice than CONT mice (Fig-
ure S5). Interestingly, relative to the frontal cortex, we detected
more differentiated polar compounds (81 vs. 34) but lesser lipid
compounds (43 vs. 95) in the hippocampus (Fig. 3F). These differ-
entiated features mainly include alcohols, hydroxy acids, amino
acids, carboxylic acids, keto acids, organic acids, organonitrogen
compounds, purine, pyrimidines, indoles, phospholipids, steroids,
glyceride, sphingolipids, and diterpenoids (Fig. 3G-]). Amino acids
were detected as the predominant type of polar compounds in
both the frontal cortex (32%, Fig. 3G) and hippocampus (26%,
Fig. 3H), while glycerophosphoethanolamine and fatty acyls were
the predominant types of lipid compounds in the frontal cortex
(30%, Fig. 31) and hippocampus (20%, Fig. 3]), respectively. These
results indicate that region-specific metabolic shifts occurred in
the brain of T1IDCD mice.

Fig. 4 illustrates the biological functions linked to these differ-
entiated metabolites and lipids in the hippocampus and frontal
cortex between CONT and T1DCD mice, mainly including oxidative
stress, lipid peroxidation, lipid metabolism, neurotransmitters, and



F. Xiong, K. Gong, H. Xu et al.

Journal of Advanced Research 43 (2023) 233-245

A 60 B s0-
§ - CONT = —— CONT
@
— -= TIDCD 5 60 -= TIDCD
S 407 = *
1=-11] * ?‘)
g E 40
$ <
2 20 3
g E 207
2 =
a
0 1 1 1 1 0 I 1 1 1
1 2 3 4 1 2 3 4
Time (Day) Time (Day)
C o0 D CONT E TIDCD
- CONT
Z -=- T1DCD
Z
g 40
k>
<
|
g skskk
s 20
23
E Sy
0 1 1 1 1
1 2 3 4
Time (Day)
1 —
6] * 50 50
£ =
<
g 3 40 S 407
S 4- s =
g 8 30— S 30
& £ g0
< £
E < 207 < 20
€ 27 g $
< =
= £ 104 E 10-
A
0 T T 0 T T 0 T I
CONT T1DCD CONT TIDCD CONT T1DCD

Fig. 2. Impaired learning and memory abilities in type 1 diabetic mice. The Morris water maze test was used to evaluate the learning and memory abilities of mice. The
percentages of swimming (A) distance and (B) time in goal area of type 1 diabetic mice with cognitive decline (T1DCD) and age-matched control (CONT) mice during the
training period. (C) The escape latency of TIDCD and CONT mice during the training period. The swimming trajectories of (D) CONT and (E) TIDCD mice during the test
period. (F) The number of crossings over the original platform location of CONT and T1DCD mice during the test period. The percentages of swimming (G) distance and (H)
time in goal area of CONT and T1DCD mice during the test period. (F) The percentage of swimming time in goal area. Data are presented as mean * standard error of the mean
(SEM). The behavioral changes over time during the training period were analyzed by repeated measure ANOVA. The difference between two groups was analyzed using two-

tailed unpaired Student’s t-test. Significant level: *, p < 0.05; **, p < 0.01.

energy metabolism. Relative to the hippocampus, interestingly, we
found that a higher level of oxidative stress occurred in the frontal
cortex of TIDCD mice. TIDCD mice had a higher level of S-
glutathionyl-L-cysteine as a precursor of glutathione than CONT
mice in both brain regions, while the glutathione level was not sig-
nificantly altered (Fig. 4). However, of note, oxidized glutathione
(GSSG), a biomarker of oxidation stress, was detected to be signif-
icantly increased only in the frontal cortex of T1DCD mice relative
to CONT mice. We found that the levels of proline and arginine,
which have been reported to suppress oxidative stress [30,31],
were significantly reduced in the frontal cortex of TIDCD mice
compared with CONT mice (Fig. 4A), but not in the hippocampus
(Fig. 4B). L-methionine as an important intracellular antioxidant
[32] was significantly decreased in both brain regions of TIDCD
mice relative to CONT mice. Moreover, L-cysteate, a product of
methionine metabolism, was significantly reduced only in the hip-
pocampus of T1DCD mice than CONT mice (Fig. 4B).
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Reactive oxygen species (ROS) can react with unsaturated fatty
acids and then initiate lipid peroxidation [33]. Therefore, higher
oxidative stress resulted in higher levels of lipid peroxidation and
lipid metabolism disorders in the frontal cortex of T1IDCD mice
(Fig. 4). The results demonstrate that TIDCD mice had significantly
lower levels of docosanoylcarnitine, L-carnitine, and L-acetyl-
carnitine in the hippocampus (Fig. 4B) as well as (R)-2-
Methylmalate, L-carnitine, and docosanoylcarnitine in the frontal
cortex (Fig. 4A) than CONT mice. Docosanoylcarnitine and L-
acetyl-carnitine are derived from L-carnitine, which is implicated
in fatty acid B-oxidation. Thus, these results indicate that fatty acid
oxidation disorders occurred in the hippocampus and frontal cor-
tex of TIDCD mice. Hexadecanamide derived from palmitic acid
(C16:0) is a primary fatty acid amide and plays an important role
in cellular signaling transduction. In this study, we identified a sig-
nificantly lower hexadecanamide in the hippocampus of T1DCD
mice (Fig. 4B). A total of 10 different glycerophospholipids and
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glycerolipids classes were identified, such as phosphatidylcholine
(PC), phosphatidylethanolamine (PE), triglyceride (TG), diacylglyc-
erol (DG), phosphatidylserine (PS), phosphatidic acid (PA), glyc-
erophospholipid (PG), lysoPC, phosphatidylinositols (PI), and
lysoPE (Fig. 4). Interestingly, the number of differentiated PC (13
vs. 5), PE (26 vs. 5), DG (12 vs. 1), and TG (15 vs. 9) between
T1DCD and CONT mice was more in the frontal cortex than the hip-
pocampus. The levels of most PC were significantly decreased in
both hippocampus (3/5) and frontal cortex (9/13) of T1DCD mice,
which is in agreement with the finding in T1D patients [34]. Com-
pared with CONT mice, the levels of PE were significantly increased
in these two brain regions of T1DCD mice. Lower levels of ethano-
lamine phosphate and CDP-ethanolamine as precursors of PE were
detected in TIDCD mice than CONT mice. In the hippocampus, a
higher level of TG was observed in TIDCD mice relative to CONT
mice. Also, we found that 10/15 of TG were significantly increased
in the frontal cortex of TIDCD mice, as shown in Fig. 4A. The levels
of most DG (11/12) were significantly increased in the frontal cor-
tex of TIDCD mice compared with CONT mice (Fig. 4A), but not in
the hippocampus (Fig. 4B). Relative to CONT mice, the levels of
most PS (4/6) were significantly decreased in the frontal cortex
of T1DCD mice, but increased in the hippocampus. Besides, we also
identified a small number of PA, PG, PI, IsyoPC, and lysoPE were
disordered in these two brain regions of TIDCD mice. Disrupted
lipid metabolism is intertwined with lipid peroxidation and oxida-
tive stress, and ultimately destroys cellular membrane structure
and causes cell apoptosis and necrosis [35,36]. The abnormality
of lipid metabolism might be the potential molecular mechanisms
underlying T1D-associated cognitive impairment.
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Neurotransmitter metabolism was disrupted in both the hip-
pocampus and frontal cortex of TIDCD mice. L-3,4-
dihydroxyphenylalanine (L-dopa) as a precursor of dopamine was
significantly lower in the hippocampus of TIDCD mice relative to
CONT mice (Fig. 4B). N-Acetyl-L-aspartate, L-aspartate, N-(L-
arginion)-succinate, and L-glutamate-5-semialdehyde are impli-
cated in the synthesis of glutamate, an excitatory neurotransmitter
[37], but their levels were found to be significantly decreased in
the hippocampus of TIDCD mice than CONT mice. L-alanine and
taurine as an inhibitory neurotransmitter [38,39] was also signifi-
cantly reduced in the hippocampus of TIDCD mice. Acetylcholine
serves as a neurotransmitter, which is an ester of acetic acid and
choline. In this study, relative to CONT mice, the levels of acetyl-
choline, choline, and phosphorylcholine were significantly
increased in the hippocampus of T1DCD mice. In the frontal cortex,
the levels of L-phenylalanine, L-tryptophan, and L-tyrosine were
significantly reduced in TIDCD mice compared with CONT mice
(Fig. 4A). Of note, L-tryptophan and L-tyrosine are considered as
the precursors of neurotransmitter 5-hydroxytryptophan and
dopamine, respectively. Moreover, N-acetyl-L-aspartate, L-
glutamyl-5-phosphate, proline, arginine, and 3-sulfino-L-alanine,
which are involved in glutamate biosynthesis, were also signifi-
cantly decreased in the frontal cortex of TIDCD mice (Fig. 4A).
We speculate that brain region-specific shifts in neurotransmitter
metabolism may facilitate cognitive impairment in T1D mice.

The abnormal energy metabolism is another key metabolic fea-
ture related to diabetic cognitive dysfunction. A disruption of the
TCA cycle was found in the brain of T1IDCD mice relative to CONT
mice, as indicated by lower levels of citrate in the hippocampus
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(Fig. 4B) as well as citrate and isocitrate in the frontal cortex
(Fig. 4A). Moreover, the levels of pyruvate and lactate were signif-
icantly increased in the hippocampus of T1IDCD mice than CONT
mice. Fatty acid B-oxidation is another important energy source
in the brain, but herein we found that the levels of two related
metabolites, L-carnitine and L-acetyl-carnitine, were significantly
reduced in these two brain regions of T1IDCD mice relative to CONT
mice (Fig. 4).

Nucleotide metabolism plays an essential role in regulating cel-
lular homeostasis including carbohydrate metabolism, nucleotide
biosynthesis and signal transduction [40]. In this study, we found
that disordered nucleotide metabolism occurred mainly in the hip-
pocampus but not in the frontal cortex of TIDCD mice (Figure S6).
Relative to CONT mice, the levels of dGDP, dATP, dUDP, UDP, ade-
nine, xanthosine, guanine, guanosine, inosine, IDP, D-ribose-5-
phosphate, cyclic ADP-ribose, and N-acetyl-D-glucosamine-1-
phosphate were significantly decreased in the hippocampus of
T1DCD mice, while 3'-CMP, UDP-glucose, ADP, adenosine, and

Journal of Advanced Research 43 (2023) 233-245

AIR were significantly increased (Figure S6B). However, in the fron-
tal cortex, we only identified lower levels of cytosine and cytidine
in TIDCD mice than CONT mice (Figure S6A). Therefore, our results
suggest that brain region-specific disorders in nucleotide metabo-
lism might also be a risk factor for cognitive decline in T1D mice.

Higher oxidative stress status occurred in the frontal cortex than the
hippocampus of T1DCD mice

In this study, PCR analysis and immunohistochemical staining
were carried out to confirm region-specific changes of oxidative
stress in the brain of T1IDCD mice (Fig. 5). The results show that
the mRNA levels of prooxidants, Nox2, Nox4 and Aco, were signifi-
cantly higher in the frontal cortex (Fig. 5A) of TIDCD mice than
CONT mice, while only Aco exhibited a statistically significant
increase in the hippocampus (Fig. 5C). Relative to CONT mice,
T1DCD mice had significantly decreased mRNA levels of antioxi-
dants including Sod2, Nqo1, Nrf2 and Gpx-1 in both the frontal cor-

s Cortex. - CA T+ DG CA3
2 * g ; g
g 204 - CONT
g% T1DCD
£ 1.54
£5
]
Sz 04 N
SE 10 = — — s
=<
Z 054
£ . “CA1 S 8 DG . =chs:
a4 T T T . ia s ¢
Nox2 Nox4 Aco
1.59 * *%
g s D! o = L b - - -
2 T ' ‘ . T . CONT
L5 T1IDCD 3 Cortex H CA1 3 DG 3 CA3
% 1.04 £ £ E &
§ E | § s00 FC=3.19 £ 300 FC=1.78 £ 200 FC=131 g 300 FC=1.84
=5 2 3 sk % 2 ok 3 P
E] ] £ 400 — 2 e g .. K —
z = 200 = = 200
) £ 200 £ 2 ‘ £ 100
£ Z 2 ] 2 z [ ]
0 I 2100 % g g g
0.0 T T T T T T T &) L) &) &)
Sodl  Sod2 Ngol Nrf2 Gpx-1 Gel-1 Gopdh 2 - = T T 2 - - - 0 T T
Q CONT  TIDCD Q CONT  TIDCD Q CONT  TIDCD 2 CONT  TIDCD
* * & s
C ns
2.0 [ — F
g ns
-% — *% 3
§ 15 i CON Cortex CA1l DG CA3
=) o TIDCD
< % ¢
o
2510
a2
EE i i £
& = = - -
z 0.5
[ s
00 : : . ~Cortex CA1 DG { CA3
Nox2 Nox4 Aco - \
- 2.0
5 x4 ns ns 2 S = o
5 [l
% X . 1 7« CONT
s, TN 0 TIDCD 2 Cortex z CA1 5 DG 5 CA3
e — £ £ &
5 Eﬁ '_\ o g 3000 FC=18.70 £ 1000 FC=6.18 £ 1000 FC=4.73 £ 1500 FC=7.47
g . g ] x ] g
25 1043 M ] el \ 3 ok 5 800 — 5 s 5 *
Es [ [ [ il g L B < i < 1000 .
Ee w [||@ b HI'l& = == 2w 1 2 =
5705 { g g g 500 1 g ——
= S @ @ 3
& ‘ £ 1000 g g £ 500
£ 0 [ g g 200 g g
o T T T T T T T = = == = & al = —tag |
Sodl  Sod2 Ngol Nrf2 Gpx-I Gel-I Gépdh & g z o & - :
) CONT  TIDCD 3 CONT  TIDCD 3 CONT TIDCD 3 CONT  TIDCD

Fig. 5. Brain region-specific changes in oxidative stress in type 1 diabetic mice with cognitive decline. Changes in the mRNA expression levels of (A) antioxidants and (B)
prooxidants in the frontal cortex between type 1 diabetic mice with cognitive decline (T1DCD) and age-matched control mice (CONT). Changes in the mRNA expression levels
of (C) antioxidants and (D) prooxidants in the hippocampus between T1DCD and CONT mice. (E) Representative immunohistochemical staining of 8-OHdG proteins (brown
spots, 200x ) and corresponding quantitative results in the frontal cortex and hippocampus of TIDCD and CONT mice. (F) Representative immunohistochemical staining of 4-
HNE proteins (brown spots, 200x) and corresponding quantitative results in the frontal cortex and hippocampus of TIDCD and CONT mice. Data are presented as
mean * standard error of mean (SEM). The difference between two groups was analyzed using two-tailed unpaired Student’s t-test. Significant level: * p < 0.05, **, p < 0.01, ***,
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tex and hippocampus (Fig. 5B and 5D). In addition, we found a sig-
nificantly lower mRNA level of Sod1 in the hippocampus of T1DCD
mice than CONT mice (Fig. 5D), but a downtrend was observed in
the frontal cortex (Fig. 5B). The mRNA levels of antioxidants such
as Gcl-1 and G6pdh were significantly reduced in the frontal cortex
of TIDCD mice (Fig. 5B), but not in the hippocampus (Fig. 5D). Sub-
sequently, we measured the protein levels of 8-hydroxy-2-
deoxyguanosine (8-OHdG), a marker of DNA oxidative damage
[41], and 4-hydroxynonenal (4-HNE), a marker of oxidative
stress-induced lipid peroxidation [42], in these two brain regions
of mice by immunohistochemical staining. Fig. 5E demonstrates
that the intensity of 8-OHdG-positive staining was significantly
higher in the brain of TIDCD than CONT mice, but the frontal cor-
tex (p < 0.001, FC = 3.19) had a more pronounced increase than the
hippocampal CA1 (p < 0.001, FC = 1.78), DG (p = 0.002, FC = 1.31)
and CA3 (p = 0.009, FC = 1.84) regions. Likewise, a significantly
higher level of 4-HNE-positive staining was also detected in the
brain of TIDCD mice relative to CONT mice, but the frontal cortex
(p < 0.001, FC = 18.70) showed a higher change rate than the hip-
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pocampus (CA1: p=0.029, FC = 6.18; DG: p = 0.002, FC = 4.37; CA3:
p = 0.012, FC = 7.47), as illustrated in Fig. 5F. Collectively, our
results suggest that an increase in oxidative stress resulted in cog-
nitive impairment in T1D mice and the frontal cortex might be
more vulnerable to oxidative stress than the hippocampus.

The frontal cortex had more pronounced neuroinflammation and
neuronal injury than the hippocampus in T1DCD mice

Microglia activation causes oxidative stress and neuroinflam-
mation, contributing to cognitive impairment [43]. Herein we used
Iba-1 staining as a microglia marker to quantify the number of acti-
vated microglia in the frontal cortex and hippocampus of CONT
and T1DCD mice, as illustrated in Fig. 6A. The results reveal that
the number of activated microglia was significantly higher in the
frontal cortex (p < 0.001, FC = 6.76) and hippocampal CA1
(p = 0.015, FC = 2.40) and CA3 (p = 0.016, FC = 2.01) regions but
not DG region (p > 0.05, FC = 1.04) of T1IDCD mice compared with
CONT mice (Fig. 6A). Relative to CONT mice, we detected signifi-
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Fig. 6. Brain region-specific changes in neuroinflammation and neuronal injury in type 1 diabetic mice with cognitive decline. (A) Representative immunohistochemical
staining of Iba-1 proteins (brown spots, 200x) and corresponding quantitative results in the frontal cortex and hippocampus of type 1 diabetic mice with cognitive decline
(T1DCD) and age-matched control mice (CONT). Changes in the mRNA expression levels of proinflammatory cytokines including Tnf-o, Il-6 and II-18 in the (B) frontal cortex
and (C) hippocampus between T1DCD and CONT mice. (D) Representative immunohistochemical staining of Nissl body (blue spots, 200x) and corresponding quantitative
results in the frontal cortex and hippocampus of T1IDCD and CONT. Data are presented as mean * standard error of mean (SEM). The difference between two groups was
analyzed using two-tailed unpaired Student’s t-test. Significant level: *, p < 0.05, **, p < 0.01, ***, p < 0.001. ns, no significant; FC: fold change.
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cantly increased levels of Tnf-o. (p < 0.001), II-6 (p = 0.002) and II-18
(p = 0.015), as proinflammatory cytokines released from activated
microglia, in the frontal cortex of TIDCD mice (Fig. 6B). In the hip-
pocampus, the levels of Tnf-o (p < 0.001) and II-6 (p = 0.001) but not
I1I-1p (p = 0.078) were also significantly higher in TIDCD mice when
compared with CONT mice, as shown in Fig. 6C. Therefore, it
should be noting that the frontal cortex had more pronounced
inflammatory response than the hippocampus in T1DCD mice.
Subsequently, the change in neuronal cells was examined by using
Nissl staining in the brain of CONT and T1DCD mice (Fig. 6D). The
number of Nissl bodies was significantly decreased in the brain of
TIDCD mice relative to CONT mice, but the frontal cortex
(p <0.001, FC = 2.27) had a higher reduction than the hippocampus
(CA1: p=0.003, FC = 1.67; DG: p = 0.003, FC = 1.35; CA3: p = 0.037,
FC = 1.31), suggesting that more severe neuronal injury occurred in
the frontal cortex relative to the hippocampus in T1DCD mice. Col-
lectively, under diabetic condition, microglia was activated and
then promoted oxidative stress and neuroinflammation, resulting
in neuronal injury and cognitive impairment, and the frontal cortex
had a greater impact than the hippocampus (Fig. 7).

Discussion

Brain metabolic disorders have been associated with T1D-
induced cognitive decline [19]. In this study, we optimized an inte-
grated analytical method of metabolomics and lipidomics for brain
tissue using UPLC-Q-TOF-MS and provided a comprehensive
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metabolite and lipid profiling in the hippocampal and frontal cor-
tex of TIDCD mice. Based on metabolic pathway analysis, we found
that TIDCD mice displayed a higher level of lipid peroxidation in
the brain than CONT mice. Lipids are essential ingredients in the
cellular membrane that maintains normal structure and function
of cells. Thus, excessive lipid oxidation destroys the cellular mem-
brane and leads to cell death [44], which may result in neuronal
injury in this study. Of note, moreover, lipid peroxidation is a major
influencing factor to oxidative stress [45]. Expectedly, we observed
an increased oxidative stress status in the brain of TIDCD mice,
which has been considered as one of the major causes of cognitive
decline [46]. Microglia as the primary immune cells in the central
nervous system closely interplays with oxidative stress [43]. In
T1DCD mice, microglia was activated and then induced the release
of inflammatory factors Tnf-o, II-6 and II-1p, resulting in neuroin-
flammation and neuronal injury. Therefore, our data suggest that
microglia-driven oxidative stress and neuroinflammation as the
major cause of neurodegenerative diseases [47,48] may also cause
T1D-induced cognitive impairment, indicating that diabetes is clo-
sely associated with neurodegenerative diseases [49,50]. Another
interesting finding in this study is that the frontal cortex exhibited
higher levels of microglia activation, oxidative stress and neuroin-
flammation than the hippocampus in T1DCD mice. Elahi et al. [51]
reported that STZ treatment increased oxidative stress and lipid
peroxidation in the hippocampus of diabetic mice, but not in the
midbrain and cerebellum. Hence, region-specific vulnerability to
oxidative stress and neuroinflammation in the diabetic brain
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should be considered for the diagnosis, prevention and treatment
of diabetic cognitive decline in clinical practice.

Oxidative stress and inflammation are also the major influenc-
ing factors for metabolic disorders [52,53]. Herein we found that
brain nucleotide metabolism was significantly altered in T1DCD
mice, especially in the hippocampus. Nucleotide metabolism
serves for maintaining cellular homeostasis due to its essential role
in signal transduction, oxidative phosphorylation and nucleotide
biosynthesis [54]. Mazumder et al. [55] reported that disturbed
purine nucleotide metabolism is a ri6k factor for cognitive dys-
function in patients with chronic kidney disease. Our results sug-
gest that disordered nucleotide metabolism may result in
cognitive decline induced by T1D. Energy metabolism has been
regarded as both the source and target of oxidant species [56]. In
this study, a decrease in energy metabolism was observed in both
the frontal cortex and hippocampus of TIDCD mice. Disrupted
cerebral energy metabolism has been proved to induce cognitive
injury in neurodegenerative diseases such as Alzheimer’s disease
[57] and Parkinson’s disease [58]. Previously, we also revealed that
reduced brain energy metabolism may be implicated in diabetic
cognitive decline [19,59]. Moreover, oxidative stress also affected
cognitive functions via regulating neurotransmitters [60]. Here
we observed a disrupted neurotransmitter metabolism in T1DCD
mice in a brain region-specific manner. For example, the level of
N-acetyl-L-aspartate, a neuronal marker, was significantly
decreased in both brain regions in T1IDCD mice. Moreover, reduced
L-dopa, L-aspartate and L-alanine and an increased acetylcholine
were found in the hippocampus of TIDCD mice relative to CONT
mice, while the levels of aromatic amino acids, as precursors of
dopamine and serotonin [61], were significantly lower in the fron-
tal cortex. In our previous study, region-specific shifts in neuro-
transmitter metabolism were also reported in the brain of both
T1D [19] and T2D [10] mice with cognitive dysfunction. Therefore,
the present study suggests that oxidative stress and neuroinflam-
mation may promote brain metabolic disorders and cause diabetic
cognitive decline.

Conclusion

In this study, an integrated method of metabolomics and lipido-
mics was optimized for brain tissue using a LC-MS-based analytical
platform, and comprehensive metabolite and lipid profiling were
provided in the hippocampus and frontal cortex of TIDCD mice.
We reveal that the frontal cortex had higher levels of microglia
activation, lipid peroxidation, oxidative stress and neuroinflamma-
tion than the hippocampus in T1IDCD mice. Additionally, T1IDCD
mice displayed brain metabolic disorders in a region-specific man-
ner. Our results suggest that brain region-specific changes of
oxidative stress and neuroinflammation prompt diabetic cognitive
decline, but the frontal cortex might be a major target brain region
under diabetic condition.
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