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Type 1 diabetes (T1D) can cause brain region-specific metabolic disorders, but whether gender influences
T1D-related brain metabolic changes is rarely reported. Therefore, here we examined metabolic changes
in six different brain regions of male and female mice under normal and T1D conditions using an inte-
grated method of NMR-based metabolomics and linear mixed-model, and aimed to explore sex-
specific metabolic changes from normal to T1D. The results demonstrate that metabolic differences
occurred in all brain regions between two genders, while the hippocampal metabolism is more likely
to be affected by T1D. At the 4th week after streptozotocin treatment, brain metabolic disorders mainly
occurred in the cortex and hippocampus in female T1D mice, but the striatum and hippocampus in male
T1D mice. In addition, anaerobic glycolysis was significantly altered in male mice, mainly in the striatum,
midbrain, hypothalamus and hippocampus, but not in female mice. We also found that female mice
exhibited a hypometabolism status relative to male mice from normal to T1D. Collectively, this study
suggests that T1D affected brain region-specific metabolic alterations in a sex-specific manner, and
may provide a metabolic view on diabetic brain diseases between genders.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Type 1 diabetes (T1D) is characterized by hyperglycemia and
insulin deficiency due to autoimmune destruction of pancreatic
b-cells [1]. In 2017, the International Diabetes Federation (IDF)
reported that more than one million children and adolescents suf-
fered from T1D in the world [2]. Moreover, T1D can cause a series
of complications invaded many organs in the body, which seriously
affect human health [3]. Of note, sex differences exist in both
innate and adaptive immune responses [4], resulting in different
susceptibility to T1D [5,6] between males and females. Therefore,
exploring sex-specific pathological mechanisms will raise the pos-
sibility of gender-based prevention and treatment for T1D and its
complications.

T1D-associated cognitive decline (DACD) is one of serious neu-
robehavioral complications in advanced stage diabetes [7]. In
recent years, DACD has attracted increasing attention and several
possible pathogeneses have also been proposed [8,9]. For example,
Wessels et al. [10] and Duinkerken et al. [11] revealed that cogni-
tive impairment may be attributed to the reductions of white mat-
ter volume and functional connectivity in the brain of untreated
T1D patients. Like Alzheimer’s disease (AD), b-amyloid and tau
proteins-induced neuronal death can also result in the develop-
ment of DACD [12,13]. In addition, neuroinflammation and oxida-
tive stress could be responsible for DACD [14,15]. In our previous
study, we reported that T1D-driven gut dysbiosis may down-
regulate glutamine-glutamate cycle and energy metabolism in
the hippocampus and thereby cause DACD [16]. In earlier years,
brain metabolic disorders have been detected in untreated T1D
patients using magnetic resonance spectroscopy [17,18]. For ani-
mal studies, using NMR-basedmetabolomics, our previous findings
revealed that brain region-specific metabolic changes might be
implicated in cognitive impairment in rats at the 8th week after
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streptozotocin (STZ) treatment [19], 17-week-old db/db mice [20]
and 10-month-old APP/PS1 transgenic AD mice [21]. These results
indicate that brain metabolic disorders also play a key role in dia-
betic brain diseases in an advanced stage. To our knowledge, how-
ever, little information has been made available regarding sex
differences in region-specific metabolic alterations of the T1D
brain especially in early and middle stages.

In this study, therefore, we examined metabolic profiles in six
different brain regions (hypothalamus, cerebellum, hippocampus,
striatum, midbrain and cortex) of male and female mice at the
4th week after STZ treatment. Subsequently, a linear mixed model
(LMM) was used to analyze the effects of gender, diabetes and their
interaction on brain region-specific metabolic changes. The pur-
pose of this study was to uncover sex-and region-specific meta-
bolic differences in the brain of T1D.
2. Materials and methods

2.1. Animals

Six-week-old C57BL/6 mice (male, n = 12; female, n = 12) were
purchased from the SLAC Laboratory Animal Co. Ltd. (Shanghai,
China). All mice were housed in the specific-pathogen-free (SPF)
colony under a fully controlled condition (temperature,
22 ± 1 �C; humidity, 55 ± 5%; light/dark cycle, 12 h/12 h) at the Lab-
oratory Animal Center of Wenzhou Medical University (Wenzhou,
China). Mice were given free access to standard mouse chow and
tap water. This study was conducted in accordance with the ‘‘Guide
for the Care and Use of Laboratory Animals” and approved by the
Institutional Animal Care and Use Committee of Wenzhou Medical
University.

2.2. Streptozotocin (STZ)-induced diabetic mouse model

After one week of acclimation, male and female mice were
weighed and randomly divided into control (CON, n = 6) and dia-
betic (T1D, n = 6) groups, respectively. The development of T1D
mouse model was referenced to the protocol proposed by Furman
[22] with minor modification. In order to avoid the high-dose STZ-
induced death of mice, the multiple and low-dose STZ approach
was performed in the present study. Briefly, after 12 h fasting, all
mice in the T1D group were intraperitoneally (IP) received a five-
day injection of STZ (Sigma-Aldrich) solution at a dose of 50 mg/
kg body weight. The STZ solution was freshly prepared in
0.1 mol/L citrate buffer (pH = 4.5). Since STZ is a hazardous chem-
ical substance, researchers must wear medical masks and gloves
during STZ preparation and injection. Moreover, all materials used
in this procedure must be bagged and labeled with a biohazard
warning before incineration. The CON mice were intraperitoneally
injected with the same volume of citrate buffer. Blood glucose level
was measured after 3 days of STZ injection from a tail nick using a
handheld glucometer (ACCU-CHEK Active, Mannheim, Germany),
and diabetic mice were defined when their blood glucose levels
were higher than 11.1 mmol/L. In this study, all male and female
mice after STZ treatment were developed into diabetic mice. Dur-
ing the whole experiment, mice were not treated with any of drugs
and their blood glucose levels and body weights were monitored
once a week (see supplemental data Tables S1 and S2).

2.3. Sample collection and metabolite extraction

In this study, all mice were sacrificed at the 4th week after STZ
injection by decapitation under isoflurane anaesthesia. The whole
brain was collected immediately and then divided into six different
brain regions, including the cortex, cerebellum, hippocampus,
hypothalamus, midbrain and striatum, according to the mouse
brain anatomia [23]. All brain tissues were promptly frozen in liq-
uid nitrogen and kept at �80 �C until use. Metabolite extraction of
brain tissue was referenced to a previously described method [19].
Firstly, the frozen tissue was weighted into an Eppendorf tube, and
mixed with 4 mL/g ice-cold methanol and 0.85 mL/g distilled
water. The mixture was homogenized completely with a handheld
homogenizer (Xinzhi biotechnology co. LTD, Ningbo, China) and
added with ice-cold chloroform (2 mL/g) and distilled water
(2 mL/g). Then, the mixture was vortexed for 15 s, placed on ice
for 15 min, and centrifuged at 10,000 g for 15 min at 4 �C. Finally,
the supernatant was transferred to a new Eppendorf tube, lyophi-
lized for 24 h, and stored at �80 �C until metabolomics analysis.
2.4. NMR-based metabolomic analysis

The 1H NMR spectra of brain tissues were measured using a
Bruker AVANCE III 600 MHz NMR spectrometer (Bruker BioSpin,
Rheinstetten, Germany) at 298 K. The freeze-dried extract was
redissolved with 500 lL D2O (99.5%, Isotope laboratory, Cam-
bridge, USA) containing 0.05% of sodium trimethylsilyl
propionate-d4 (TSP) and then transferred to a 5 mm NMR tube
for metabolomics analysis. A standard single-pulse sequence with
water signal pre-saturation (ZGPR) was performed and the main
acquisition parameters were set as follows: scans, 256; data points,
64 K; spectral width, 12000 Hz; acquisition time, 2.65 s/scan;
relaxation delay, 6 s.

All NMR spectra were manually corrected for their phases/base-
lines and referenced to TSP peak at 0 ppm using Topspin software
(v2.1 pl4, Bruker Biospin, Germany). The ‘icoshift’ procedure was
applied to align NMR spectra using MATLAB software (R2012a,
The Mathworks Inc., Natick, MA, USA) [24]. Furthermore, the spec-
tral region from 0.5 to 9.0 ppmwithout residual water signals (4.5–
5.5 ppm) was subdivided with a size of 0.01 ppm and integrated to
binning data for multivariate analysis.
2.5. Multivariate data analysis

Prior to multivariate analysis, metabolic data were log-
transformed and Pareto-scaled. First of all, principal component
analysis (PCA) was employed to obtain the overview of metabolic
pattern changes among different brain regions in both male and
female mice from normal to diabetes using SIMCA-P+12.0 software
(Umetrics AB, Umea, Sweden). Subsequently, orthogonal projec-
tions to latent structures discriminant analysis (OPLS-DA) was per-
formed to maximize the metabolic difference between two groups
using SIMCA software. Important metabolites that mainly con-
tributed to the metabolic pattern separations were identified via
the variable importance in the projection (VIP) scores.
2.6. Metabolite identification and pathway analysis

Metabolite signals in NMR spectra were assigned according to
Chenomx NMR suite 7.5 software (Chenomx Inc., Alberta, Canada),
reported data [19,20] and the HMDB 4.0 [25]. Moreover, a 13C–1H
heteronuclear single quantum coherence (HSQC) experiment was
used to confirm uncertain identifications. The relative concentra-
tion of metabolite was calculated via its peak area by reference
to the TSP concentration and expressed as lmol/g fresh weight tis-
sue. Metabolic pathway was constructed according to KEGG data-
base [26] and manually drawn in Adobe Photoshop CS6 (Adobe
Systems Inc., San Jose, CA).



Q. Jiang et al. / Computational and Structural Biotechnology Journal 18 (2020) 2063–2074 2065
2.7. Statistical analysis

In the present study, all mice were randomly assigned to the
experimental procedures including housing and feeding, STZ injec-
tion, sample collection, metabolite extraction and NMR analysis.
Changes in blood glucose level and body weight of mice after STZ
treatment were analyzed by a repeated measure analysis of vari-
ance (ANOVA) in SPSS 22 software (IBM Corp, USA). To estimate
the effects of gender, diabetes and their interaction on the change
in specific metabolite, a linear mixed-model (LMM) ANOVA was
employed by the MIXED procedure in SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA). In this model, gender (G), diabetes (D) and their
interaction (G�D) were set as fixed effects, and the individual
and model intercept were set as random effects, as shown in Eq.
(1):

M ¼ a � Gþ b � Dþ c � G� Dþ e ð1Þ
where M is the relative concentration of metabolite, parameters a, b
and c are model coefficients, and e is the random effect.

Metabolite data were calculated by a least-square-means (LSM)
procedure with SAS software and presented as LSM and standard
error (LSM ± SE). Pair-wise multiple comparisons were analyzed
using Student’s t test with Bonferroni adjustment. A statistically
significant difference was defined when P value <0.05.
3. Results

3.1. Sex-specific changes in body weight and blood glucose in T1D mice

In this study, we examined sex differences in body weight and
blood glucose level of STZ-induced type 1 diabetic (T1D) and age-
matched control (CON) mice, as shown in Fig. 1. Female mice had a
similar level of blood glucose relative to male mice (8.13 ± 0.28 m
mol/L vs. 8.73 ± 0.41 mmol/L), but body weight was relatively
higher in male mice than that in female mice (21.02 ± 0.19 g vs.
18.67 ± 0.27 g). After STZ treatment, as expected, blood glucose
level was significantly increased in both female (Fig. 1A) and male
(Fig. 1C) mice. However, of note, male mice exhibited a 2-fold
increase in blood glucose level after STZ injection, while female
mice only had a 1-fold increase. More interestingly, we observed
that body weight was significantly reduced in male T1D mice
(Fig. 1D), but not in female T1D mice (Fig. 1B). Together, our results
suggest that male mice showed more typical diabetic symptoms
relative to female mice after STZ induction.

3.2. Sex-specific changes in metabolic patterns in the brain of T1D mice

To examine sex differences in brain metabolic changes during
T1D development, the metabolic profiles of six different brain
regions in CON and T1D mice were measured by using a 1H
NMR-based metabolomics approach. We found that all brain
regions exhibited an identical metabolic profile in both male and
female mice, and the typical NMR spectrum of the cortex extract
in healthy male mice was illustrated in Fig. 2A. Here we identified
a total of 19 metabolites mainly involving energy metabolism
(ADP, adenosine diphosphate; Ala, alanine; AMP, adenosine
monophosphate; Cre/PCre, creatine/phosphocreatine; IMP, inosine
monophosphate; Ino, inosine; Lac, lactate; NAD+, nicotinamide
adenine uiiydinucleotide; Suc, succinate), neurotransmitter meta-
bolism (Asp, aspartate; GABA, c-Aminobutyric acid; Glu, gluta-
mate; Gln, glutamine; Gly, glycine), choline metabolism (Cho,
choline) and astrocyte-neuron metabolism (Myo, myo-inositol;
NAA, N-acetylaspartate; Tau, taurine).

Principal components analysis (PCA) was performed to obtain
the overview of metabolic pattern changes among different brain
regions in both male and female mice under normal and diabetic
states (Fig. 2B). The results demonstrate that the metabolic pat-
terns of the hippocampus, cortex and cerebellum were close to
each other in female CON mice, but clearly separated at the 4th
week after STZ treatment (Fig. 2B). Additionally, the metabolic pat-
terns of the striatum, hypothalamus and midbrain in female mice
were clearly separated from each other under both normal (Con)
and diabetic (T1D) conditions (Fig. 2B). In male mice, from normal
to diabetes, the metabolic patterns of the hippocampus, cortex and
striatum were gradually separated, while the hypothalamus and
midbrain were progressively close to each other (Fig. 2B).

Subsequently, orthogonal projection to latent structures dis-
criminant analysis (OPLS-DA) was used to maximize the metabolic
difference between two groups and identify key metabolites via
the VIP scores. Fig. S1 illustrates the score and VIP plots of OPLS-
DA between normal male and normal female mice, and the corre-
sponding model parameters are listed in Table S3. We observed
apparent separations of metabolic patterns between two genders
in the hippocampus (Fig. S1A, R2 = 0.916, Q2 = 0.678), cortex
(Fig. S1B, R2 = 0.955, Q2 = 0.832), cerebellum (Fig. S1C,
R2 = 0.985, Q2 = 0.960), striatum (Fig. S1D, R2 = 0.875,
Q2 = 0.702), hypothalamus (Fig. S1E, R2 = 0.818, Q2 = 0.584) and
midbrain (Fig. S1F, R2 = 0.972, Q2 = 0.934). The corresponding
VIP plots show that most metabolites had a VIP value >1.0, involv-
ing energy metabolism, choline metabolism, neurotransmitter
metabolism and astrocytic metabolism.

Metabolic alterations were also examined in different brain
regions between CON and T1D mice in both genders using OPLS-
DA, as shown in Fig. 3 for female mice and Fig. 4 for male mice.
The results reveal that metabolic patterns in all brain regions of
both male and female mice were clearly separated between normal
and T1D states, but interestingly male mice had a better model
performance than female mice (Table S4, R2: 0.908–0.984 vs.
0.745–0.912; Q2: 0.712–0.920 vs. 0.210–0.626). This finding indi-
cates that T1D-driven brain metabolic changes were relatively
more significant in male mice relative to female mice. Moreover,
according to the VIP scores, important metabolites were varied in
different brain regions of male and female mice for contributing
to metabolic separations between CON and T1D states. In female
mice, a series of metabolites with a VIP value over 1.0 were
selected, such as AMP, Cho, GABA, Lac, Myo, NAA, Suc and Tau in
the hippocampus (Fig. 3A), Ala, Cho, Gln, Lac and NAD+ in the cor-
tex (Fig. 3B), Ala, Cho, Glu, Gln, NAA, NAD+ and Tau in the cerebel-
lum (Fig. 3C), Ala, AMP, Asp, Cho, Cre/PCre, Lac, NAA and Tau in the
striatum (Fig. 3D), Cho, GABA, Gln, Ino, Lac and NAD+ in the
hypothalamus (Fig. 3E), and ADP, Asp, Glu, Lac, Suc and Tau in
the midbrain (Fig. 3F). However, in male mice, we detected a series
of metabolites that mainly contributed to separate metabolic pat-
terns between CON and T1D mice, including Cho, GABA, Gln, Ino,
Lac, Myo, NAD+ and Tau in the hippocampus (Fig. 4A), Cho, Gln,
IMP, Lac, Myo, NAA and Tau in the cortex (Fig. 4B), Cho, Cre/PCre,
GABA, Gln, Lac, Myo, NAA and Suc in the cerebellum (Fig. 4C),
Cho, GABA, Gln, Ino, Lac, Suc and Tau in the striatum (Fig. 4D),
Lac, Myo, NAA and Tau in the hypothalamus (Fig. 4E), and Ala,
Cho, GABA, Gln, Gly, Lac, Suc and Tau in the midbrain (Fig. 4F).

3.3. The effects of gender, diabetes and their interaction on brain
region-specific metabolic changes in mice

In this study, a linear mixed-model (LMM) was used to evaluate
the effects of gender and diabetes on the change of specific
metabolite in different brain regions of mice, and the correspond-
ing results are listed in Table S5 for the hippocampus, Table S6 for
the cortex, Table S7 for the striatum, Table S8 for the hypothala-
mus, Table S9 for the cerebellum and Table S10 for the midbrain.
Then, metabolites showing statistically significant gender and dia-



Fig. 1. Sex-specific changes in blood glucose and body weight of mice after streptozotocin treatment. Changes in blood glucose level (A) and body weight (B) in female mice
treated with streptozotocin; Changes in blood glucose level (C) and body weight (D) in male mice treated with streptozotocin. Group: CON, normal control mice; T1D,
streptozotocin-induced type 1 diabetic mice. Gender: $, female; #, male. Data are presented as mean ± SEM (n = 6 for each group). The differences in blood glucose level and
body weight between CON and T1D mice were analyzed by repeat-measurement ANOVA. Significant level: ***P < 0.001; n.s., no significant.
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betes effects were highlighted in metabolic pathways and colored
according to their fold changes, as illustrated in Figs. 5 and 6,
respectively.

The LMM results show that sex-specific metabolic changes exist
in all brain regions studied herein (Fig. 5). In the hippocampus,
male mice had significantly higher levels of Lac, Tau, Cre, Myo
and Suc than female mice. We observed that the levels of Lac,
Tau, Gly, Cho, Ino and NAD+ were significantly increased and the
level of IMP were decreased in the cortex of male mice relative
to female mice. In the striatum, compared with female mice, signif-
icant increases in Lac, Ala, Tau, Gly, Myo and ADP as well as a sig-
nificant reduction of NAD+ were detected in male mice. In the
hypothalamus, male mice exhibited higher Lac, Ala, Cho, Ino and
NAD+ levels but lower AMP level than female mice. In addition,
the levels of Lac, Ala, Cho, Ino, GABA and NAD+ were significantly
higher in both cerebellum and midbrain of male mice, while
decreased levels of AMP, ADP and IMP were detected in male mice,
when compared with female mice. Besides, we also found higher
Gly and Suc levels and lower NAA and Glu levels in the cerebellum
of male mice relative to female mice. The impact of diabetes on
brain metabolic changes might be region-specific (Fig. 6). In the
hippocampus, we found significantly higher levels of Lac, Tau,
Cre, Gly, Myo, Glu and Gln in T1D mice compared with CON mice.
A reduction of IMP was only detected in the cortex of T1D mice.
The level of Cho was significantly decreased in the cortex and stria-
tum of T1D mice relative to CON mice. Increased Lac level was also
observed in the striatum, hypothalamus and midbrain of T1D mice.
However, there were no significant differences in cerebellum
metabolic changes between T1D and CON mice.

The interaction effect of gender and diabetes on the change of
specific metabolite in different brain regions of mice was also ana-
lyzed by the LMM and the corresponding results are listed in
Table S11 for the hippocampus, Table S12 for the cortex,
Table S13 for the striatum, Table S14 for the hypothalamus,
Table S15 for the cerebellum and Table S16 for the midbrain. Inter-
estingly, the significant interaction effect of gender and diabetes on
brain metabolic changes was only found in the cortex (Fig. 7).
Moreover, female mice exhibited a hypometabolism status from
normal to T1D, as indicated by decreases in Lac, Tau, Myo and
Gln. In contrary, the levels of these metabolites were increased in
the cortex of male mice during T1D development.

Fig. 8 illustrates an overview of the significantly altered meta-
bolic pathways in six different brain regions between male and
female mice from normal to T1D. At the 4th week after STZ treat-
ment, brain metabolic disorders mainly occurred in the cortex and
hippocampus in female T1D mice, but the striatum and hippocam-
pus in male T1D mice. In addition, Fig. 8 also shows that T1D sig-
nificantly altered anaerobic glycolysis in the striatum, midbrain,
hypothalamus and hippocampus of male mice, but not in female
mice.



Fig. 2. NMR-based metabolomic analysis. (A) Typical 1H NMR spectrum obtained from the cortex in normal control mice. Metabolite abbreviation: ADP, adenosine
diphosphate; AMP, adenosine monophosphate; Cre/pCre, creatine/phosphocreatine; GABA, c-Aminobutyric acid; IMP, inosine monophosphate; NAA, N-acetylaspartate; NAD
+, nicotinamide adeninedinucleotide. � 4, 4 times magnification. (B) Differences of metabolic patterns among different brain regions in female and male mice under normal
control (CON) and type 1 diabetic (T1D) states analyzed by principal component analysis. Brain regions: Hip, hippocampus; Cor, cortex; Cer, cerebellum; Str, Striatum; Hyp,
hypothalamus; Mid, midbrain.
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4. Discussion

Streptozotocin (STZ), a toxic glucose analogue, can enter pan-
creatic b-cells via GLUT2, cause b-cells destruction and thereby
induce diabetes [27]. Interestingly, here we found that male
mice exhibited more typical diabetic symptoms than female
mice after STZ exposure, suggesting that the sensitivity to STZ
was affected by gender. This finding may be attributed to the
protective effect of estrogen on b-cells and insulin sensitivity
[28–30]. In clinical and basic researches, therefore, more atten-
tion needs to be paid to sex differences in the occurrence and
development of diabetes and its complications [31,32]. In our
previous study, we reported that cognitive decline happened to
both T1D rats and T2D mice at advanced stage (>8 weeks after
STZ injection), and brain region-specific metabolic disorders
might be potential pathogenic factors [19,20]. Yet, sex differ-
ences in diabetic brain metabolism are rarely reported. In this
study, we examined sex-specific metabolic alterations in six dif-
ferent brain regions between T1D mice at the 4th week after STZ
treatment and age-matched controls. A linear mixed-model
(LMM) was used to analyze the effects of gender, diabetes and
their interaction on region-specific metabolic changes in the
brain of mice. The LMM results demonstrate that metabolic dif-
ferences existed in all brain regions between two genders, while
the hippocampal metabolism may be more vulnerable to T1D.
Moreover, the interaction effect of gender and diabetes on brain
metabolism was mainly presented in the cortex of mice. A series
of brain metabolic changes were identified mainly involving
energy metabolism, choline metabolism, neurotransmitter meta-
bolism and astrocytic metabolism.



Fig. 3. Diabetes-driven shifts in metabolic patterns in different brain regions of female mice. OPLS-DA score plots and VIP values based on the (A) hippocampus (R2 = 0.848,
Q2 = 0.428), (B) cortex (R2 = 0.895, Q2 = 0.486), (C) cerebellum (R2 = 0.848, Q2 = 0.544), (D) striatum (R2 = 0.869, Q2 = 0.552), (E) hypothalamus (R2 = 0.745, Q2 = 0.210) and (F)
midbrain (R2 = 0.912, Q2 = 0.626) metabolomes between normal control (CON) and type 1 diabetic (T1D) mice. Metabolite abbreviation: ADP, adenosine diphosphate; Ala,
alanine; AMP, adenosine monophosphate; Asp, aspartate; Cho, choline; Cre/pCre, creatine/phosphocreatine; GABA, c-Aminobutyric acid; Gln, glutamine; Glu, glutamate; Gly,
glycine; IMP, inosine monophosphate; Ino, inosine; Lac, lactate; Myo, myo-inositol; NAA, N-acetylaspartate; NAD+, nicotinamide adeninedinucleotide; Suc, succinate; Tau,
taurine.

Fig. 4. Diabetes-driven shifts in metabolic patterns in different brain regions of male mice. OPLS-DA score plots and VIP values based on the (A) hippocampus (R2 = 0.946,
Q2 = 0.831), (B) cortex (R2 = 0.908, Q2 = 0.712), (C) cerebellum (R2 = 0.955, Q2 = 0.882), (D) striatum (R2 = 0.966, Q2 = 0.873), (E) hypothalamus (R2 = 0.984, Q2 = 0.920) and (F)
midbrain (R2 = 0.967, Q2 = 0.863) metabolomes between normal control (CON) and type 1 diabetic (T1D) mice. Metabolite abbreviation: ADP, adenosine diphosphate; Ala,
alanine; AMP, adenosine monophosphate; Asp, aspartate; Cho, choline; Cre/pCre, creatine/phosphocreatine; GABA, c-Aminobutyric acid; Gln, glutamine; Glu, glutamate; Gly,
glycine; IMP, inosine monophosphate; Ino, inosine; Lac, lactate; Myo, myo-inositol; NAA, N-acetylaspartate; NAD+, nicotinamide adeninedinucleotide; Suc, succinate; Tau,
taurine.
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Fig. 5. The effect of gender on metabolic pathway changes in different brain regions of mice. Metabolites showing a statistically significant gender effect (P < 0.05) were
highlighted in metabolic pathways and colored according to their fold changes (male/female). Metabolite abbreviation: ADP, adenosine diphosphate; Ala, alanine; AMP,
adenosine monophosphate; Asp, aspartate; Cho, choline; Cre/pCre, creatine/phosphocreatine; GABA, c-Aminobutyric acid; Gln, glutamine; Glu, glutamate; Gly, glycine; IMP,
inosine monophosphate; Ino, inosine; Lac, lactate; Myo, myo-inositol; NAA, N-acetylaspartate; NAD+, nicotinamide adeninedinucleotide; Suc, succinate; Tau, taurine. Brain
regions: Hip, hippocampus; Cor, cortex; Cer, cerebellum; Str, Striatum; Hyp, hypothalamus; Mid, midbrain. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. The effect of diabetes on metabolic pathway changes in different brain regions of mice. Metabolites showing a statistically significant diabetic effect (P < 0.05) were
highlighted in metabolic pathways and colored according to their fold changes (T1D/CON). Metabolite abbreviation: ADP, adenosine diphosphate; Ala, alanine; AMP,
adenosine monophosphate; Asp, aspartate; Cho, choline; Cre/pCre, creatine/phosphocreatine; GABA, c-Aminobutyric acid; Gln, glutamine; Glu, glutamate; Gly, glycine; IMP,
inosine monophosphate; Ino, inosine; Lac, lactate; Myo, myo-inositol; NAA, N-acetylaspartate; NAD+, nicotinamide adeninedinucleotide; Suc, succinate; Tau, taurine. Brain
regions: Hip, hippocampus; Cor, cortex; Cer, cerebellum; Str, Striatum; Hyp, hypothalamus; Mid, midbrain. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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4.1. Sex-specific changes in energy metabolism in the brain of T1D
mice

The brain only holds 2% of the total body weight, but approxi-
mately 25% of glucose is utilized for energy production to maintain
cerebral functions [33]. Glucose can be metabolized to pyruvate
and then oxidized by the tricarboxylic acid (TCA) cycle for energy
generation or transformed into lactate by anaerobic glycolysis. In
this study, we found a significantly higher lactate level in all brain
regions of male mice relative to female mice, indicating an
increased anaerobic glycolysis in the male brain. Compared with
female mice, the level of succinate, a key intermediate of the TCA



Fig. 7. The interaction effect of gender and diabetes on metabolic changes in the
cortex of mice. (A) Tau, taurine; (B) Lac, lactate; (C) Myo, myo-inositol; (D) Gln,
glutamine. Metabolites described herein indicate a significant interaction effect
between gender and diabetes based on the linear mixed model analysis (P < 0.05).
Data are obtained from mixed-model analysis and presented as least-square-
mean ± SEM (n = 6 for each group). Different lowercase letters represent significant
differences (P < 0.05). Gender: Red line, female mice; Blue, male mice. Group: CON,
normal control mice; T1D, type 1 diabetic mice. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 8. Sex-specific metabolic pathway changes in different brain regions of mice
after streptozotocin treatment. The colored dots represent metabolic pathways that
include one or more metabolites with a significant difference (P < 0.05) between
normal control and diabetic mice, and the dot size is in proportion to the number of
metabolites. Brain region: Hip, hippocampus; Cor cortex; Str, striatum; Cer,
cerebellum; Hyp, hypothalamus; Mid, midbrain. Gender: $, female; #, male. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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cycle, was significantly increased in the hippocampus and cerebel-
lum of male mice. Previously, we also detected a higher succinate
level in the kidney of male mice relative to female mice [34]. More-
over, several energy-related biomolecules such as inosine and NAD
+ were also increased in the cortex, hypothalamus, cerebellum and
midbrain of male mice. However, in the cerebellum and midbrain,
male mice had significantly lower levels of AMP, ADP and IMP than
female mice. These results suggest that, overall, male mice exhib-
ited a higher brain glucose metabolism than female mice, which
had a brain region-specific difference. In human studies, sex-and
region-specific differences in cerebral glucose metabolism have
been also reported. For example, Gur et al. [35] observed that
men had a higher glucose metabolism than women in the cerebel-
lum and temporal-limbic regions by using positron emission
tomography (PET). Relative to females, another PET study showed
that glucose metabolism was significantly higher in the right
insula, middle temporal gyrus and medial frontal lobe but lower
in the hypothalamus of males [36]. Males were also found to show
a higher brain glucose metabolism than females in the bilateral
visual cortices and cerebellum by Hsieh et al. [37]. In the brain, glu-
cose uptake into the cells is dependent on glucose transporters
(GLUTs), such as GLUT1 in astrocytes and oligodentrocytes and
GLUT3 in neurons and microglia [38,39]. Of note, Nagai et al. [40]
found that male mice had a lower GLUT2 and a higher GLUT3 level
in the brain than female mice. We speculate that sex-specific
expressions of GLUTs may be also responsible for the differences
in brain glucose metabolism between genders.

Our results also reveal that T1D induced a significant increase in
lactate level in the hippocampus, striatum, hypothalamus and mid-
brain of mice. However, in our previous studies, high lactate level
was found in all brain regions in T1D rats at the 8th week after
STZ treatment [19]. The results presented herein suggest that
increased cerebral lactate level has already occurred in T1D mice
at the 4th week after STZ injection and long-term high lactate in
the brain would cause diabetic cognitive impairment. Previously,
we reported that excess lactate level in the brain resulted into cog-
nitive decline via GPR81-dependent PKA/CREB signaling pathway
in diabetic rats [41]. More interestingly, we identified a significant
interaction effect of gender and diabetes on the change of lactate in
the cortex, as indicated by increased lactate level in male mice but
decreased lactate level in female mice from normal to diabetes. A
similar result was also obtained for the change of lactate in the kid-
ney of mice during T1D development [34]. One possible explana-
tion is that estrogens increase mitochondrial function and
aerobic glycolysis [42,43], resulting in the reduction of lactate pro-
duction from anaerobic glycolysis in female mice. In addition, of
note, lactate has two sides on brain functions. It can be utilized
as a neuronal energy substance [44], but excess lactate can cause
cognitive decline in both human [45,46] and animal models [41].
Thus, it is of great importance to monitor the change of brain lac-
tate for diabetic patients, and the sex-dependent effect on brain
energy metabolism also needs to be taken into account in clinical
practice.

4.2. Sex-specific changes in choline metabolism in the brain of T1D
mice

Choline is an important nutrient for brain development and
functions due to its roles in the syntheses of cell membranes and
acetylcholine [47,48]. Here, we found that male mice had a signif-
icantly higher level of choline in the cortex, hypothalamus, cerebel-
lum and midbrain than female mice. This finding is in agreement
with the earlier MRS results in human brain, where they also
observed a relatively higher choline in males relative to females
[49]. However, data regarding sex-difference in brain choline is still
scarce. Choline has a positive effect on cognitive functions via mul-
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tiple mechanisms. For example, Tabassum et al. [50] revealed that
choline can improve cognitive performance of rats by suppressing
oxidative stress and increasing cholinergic neurotransmission.
Besides, choline has been reported to attenuate microglia activa-
tion [51] and enhance mitochondrial function [52] and thereby
ameliorate cognitive decline. In our previous study, the region-
specific reduction in brain choline level was linked with cognitive
deficits in T1D rats at the 8th week after STZ treatment [19]. How-
ever, here we found that choline deficiency may already occur in
the cortex and striatum of T1D mice at the 4th week after STZ
injection. A decrease in choline was also detected in the kidney
of mice from normal to diabetes, especially in male mice [34].
These results suggest that dietary choline supplementation may
require to be considered for T1D patients.

4.3. Sex-specific changes in neurotransmitter metabolism in the brain
of T1D mice

Neurotransmitter metabolism, especially the glutamine/gluta
mate/c-aminobutyric acid (Gln/Glu/GABA) cycle, plays an impor-
tant role in regulating neurotransmitter homeostasis between
astrocytes and neurons in the brain [53]. In this cycle, glutamine
can be directly metabolized to glutamate and indirectly trans-
formed into GABA. Glutamate and GABA belong to excitatory and
inhibitory neurotransmitters, respectively, which are closely
related to cognitive functions [54]. In this study, we found that
male mice had a significantly higher GABA in the cerebellum and
midbrain but lower glutamate in the cerebellum than female mice.
Sex-and region-specific differences in glutamate and glutamine
were reported in the human brain using MRS analysis [55]. In addi-
tion, using multi-tissue metabolomics analysis, we previously
revealed that the levels of glutamate and glutamine were signifi-
cantly reduced in the kidney of male mice during T1D develop-
ment, but not in female mice [34]. Aspartate and glycine are two
major amino acid neurotransmitters in multiple brain regions
[56] and serve as a selective agonist for N-methyl-D-aspartate
(NMDA) receptors, which has also been associated with cognitive
functions [57]. Relative to female mice, we detected a higher level
of aspartate in the midbrain and higher glycine in the cortex, stria-
tum and cerebellum in male mice. Therefore, neurotransmitter
metabolism in the brain is dependent on sex. Additionally, Zhang
et al. [34] found higher levels of hepatic glycine and renal aspartate
in male mice relative to female mice.

T1D-induced shifts in neurotransmitters were only observed in
the hippocampus, as indicated by increased levels of glutamate,
glutamine and glycine in T1D mice compared with CON mice. In
our previous study, we have reported that disrupted neurotrans-
mitter metabolism was implicated in cognitive decline of T1D rats
at the 8th week after STZ treatment [19] and db/dbmice [20]. How-
ever, here we observed that the disturbances of neurotransmitters
may already occur in the hippocampus of T1Dmice at the 4th week
after STZ injection. Moreover, a significant interaction effect of gen-
der and diabetes was identified on the change of glutamine in the
cortex. From normal to diabetes, the level of glutamine was
reduced in female mice, but increased in male mice. Sex-specific
changes in neurotransmitter metabolism can be regulated by many
factors, such as hormones [58] and gut flora [59], so exploring their
potential relationships would advance a better understanding of
sex differences in brain functions during the development of T1D.

4.4. Sex-specific changes in astrocytic metabolism in the brain of T1D
mice

Taurine and myo-inositol are regarded as markers of astrocytes
and exert an essential role in controlling astrocytic volume in the
brain [60,61]. In this study, we found that the levels of taurine in
the hippocampus, cortex and striatum and myo-inositol in the hip-
pocampus and striatum were significantly higher in male mice
when compared with female mice. These findings may indicate a
higher astrocytic number and activity in males than in females.
Sex differences in astrocytes have been reported, but the results
might be complicated. For example, in the hippocampus, a higher
number of astrocytes were detected in the CA3 area of male rats
[62], but females had more astrocytes in the CA1 area of both mice
[63] and rats [62]. In addition, compared with CON mice, signifi-
cantly increased levels of taurine and myo-inositol were observed
in the hippocampus of mice at the 4th week after STZ treatment,
but not in other brain regions, suggesting a proliferation of hip-
pocampal astrocytes induced by diabetes [64]. In our previous
studies, the region-specific increases in taurine and myo-inositol
have been found in the brain of T1D rats at the 8th week after
STZ treatment [19] and db/db mice [20]. However, in this study,
we suggest that hippocampal astrocytic changes may already occur
in T1D at the 4th week after STZ injection. More interestingly,
changes in these two metabolites exhibited a significant interac-
tion effect of gender and diabetes. To be specific, from normal to
diabetes, their levels were reduced in female mice, but increased
in male mice. This phenomenon implies a sex-specific change in
astrocytic metabolism during T1D development.
5. Conclusions and perspectives

In this study, we characterized sex-and region-specific changes
in brain metabolism of mice from normal to diabetes using an inte-
grated method of metabolomics and linear mixed-model. The
results show that sex-specific metabolic alterations occurred in
all brain regions, but the hippocampus might be a major brain
region of metabolic disorders affected by T1D. In addition, the
interaction effect of gender and diabetes on brain metabolic
changes was mainly presented in the cortex of mice. Of note, the
cortex and hippocampus as the pivotal brain regions are involved
in cognitive control [65,66]. Davis et al. [67] reported that the cor-
tex can deliver sensory information to the hippocampus for learn-
ing and memory. Thus, metabolic disorders in these two brain
regions need to be paid more attention to the changes in diabetic
cognitive functions in clinical practice. Another interesting finding
is that male mice but not female mice had a notably altered anaer-
obic glycolysis in the striatum, midbrain, hypothalamus and hip-
pocampus from normal to diabetes. Therefore, we suggested that
developing MRS techniques to detect sex-and region-specific
metabolic changes in the brain will contribute to monitor the
development of diabetic brain diseases and establish gender-
based prevention and treatment for T1D in clinic.

It should be noted that estrogens can affect neurotransmitter
metabolism, such as serotonin, dopamine, GABA and glutamate,
and sequentially alter brain structure and functions [68]. More-
over, estrogens have been also reported to regulate energy home-
ostasis in the hypothalamus via estrogen receptors [69]. Tawfik
et al. [70] found that diabetic female rats after ovariectomy exhib-
ited more serious metabolic disorders as characterized by dis-
rupted lipid metabolism, hyperinsulinemia, higher leptin and
lower adiponectin levels. These metabolic changes may promote
the development of cardiovascular disease in females after meno-
pause [70]. Altunkaynak et al. [71] revealed that ovariectomy
aggravated disturbances of lipid profiles and oxidative stress in
the hippocampus of diabetic female rats. Collectively, the meno-
pausal status of diabetic females is an important influence factor
for metabolomics analysis. In the current study, all mice were at
puberty; therefore, T1D-induced brain metabolic changes may also
be influenced synchronously by sex hormones. In order to explore
the specific metabolic changes induced by T1D, in our next study,
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we will analyze metabolic differences in the brain of mice under
non-ovariectomized and ovariectomized conditions.

Systemic inflammation has been associated with the pathogen-
esis of diabetes and its complications [72–74]. Furthermore, of
note, inflammation can affect brain metabolism, such as glucose
metabolism [75], energy metabolism [76,77] and tryptophan
metabolism [78]. The limitation of this study is that
inflammation-induced metabolic alterations were not investi-
gated. Therefore, we suggested that brain metabolic changes need
to be studied in a mouse model of systemic inflammation induced
by lipopolysaccharides (LPS).

Another noteworthy fact is that STZ as a cytotoxic agent of
insulin-producing cells can also influence brain metabolic charac-
teristics [79]. Müller et al. [80] revealed that the levels of free fatty
acids and phospholipids were disordered in the temporal cortex
and hippocampus of rats after intracerebroventricular (ICV) injec-
tion of STZ. In addition, the disturbances of gene expression in
the brain were detected in rats following ICV-STZ injection
[81,82]. The adverse effects of ICV-STZ were also reported on insu-
lin signaling [83], oxidative stress [84] and neuroinflammation
[85]. Interestingly, sex differences in the cognitive and hippocam-
pal changes were found in rats treated with ICV-STZ [86,87]. Here
we found that IP-STZ induced region-specific metabolic changes in
the brain of mice in a sex-specific manner. To eliminate the STZ
effect, however, our results still need to be confirmed from other
diabetic models, such as non-obese diabetic (NOD) or AKITA mouse
model.

In addition, several other limitations or further works can be
considered: (1) This study did not include a brain function analysis,
so the causal relationship between metabolic changes and brain
dysfunction (e.g. cognitive decline) needs to be further established;
(2) A multi-analytical platform is recommended to obtain a more
detailed metabolic pathway analysis; (3) An integrated analysis
of gene and protein expression involved in metabolic pathways
(e.g. multi-omics) will provide a comprehensive view for studying
the association between metabolic changes and brain functions
during T1D development.
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