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Interplay between Alzheimer’s disease and global glucose
metabolism revealed by the metabolic profile alterations of
pancreatic tissue and serum in APP/PS1 transgenic mice

Xia Liu', Wei Wang®3, Hua-li Chen', Hai-yan Zhang®** and Nai-xia Zhang'*

Increasing evidence suggests that there is a correlation between type 2 diabetes mellitus (T2D) and Alzheimer’s disease (AD).
Increased AR polypeptide production in AD patients would promote metabolic abnormalities, insulin signaling dysfunction and
perturbations in glucose utilization, thus leading to the onset of T2D. However, the metabolic mechanisms underlying the interplay
between AD and its diabetes-promoting effects are not fully elucidated. Particularly, systematic metabolomics analysis has not been
performed for the pancreas tissues of AD subjects, which play key roles in the glucose metabolism of living systems. In the current
study, we characterized the dynamic metabolic profile alterations of the serum and the pancreas of APP/PS1 double-transgenic
mice (@an AD mouse model) using the untargeted metabolomics approaches. Serum and pancreatic tissues of APP/PS1 transgenic
mice and wild-type mice were extracted and subjected to NMR analysis to evaluate the functional state of pancreas in the progress
of AD. Multivariate analysis of principal component analysis (PCA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) were conducted to define the global and the local (pancreas) metabolic features associated with the possible initiation
of T2D in the progress of AD. Our results showed the onset of AD-induced global glucose metabolism disorders in AD mice.
Hyperglycemia and its accompanying metabolic disorders including energy metabolism down-regulation and oxidative stress were
observed in the serum of AD mice. Meanwhile, global disturbance of branched-chain amino acid (BCAA) metabolism was detected,
and the change of BCAA (leucine) was positively correlated to the alteration of glucose. Moreover, increased level of glucose and
enhanced energy metabolism were observed in the pancreas of AD mice. The results suggest that the diabetes-promoting effects
accompanying the progress of AD are achieved by down-regulating the global utilization of glucose and interfering with the
metabolic function of pancreas. Since T2D is a risk factor for the pathogenesis of AD, our findings suggest that targeting the glucose
metabolism dysfunctions might serve as a supplementary therapeutic strategy for Alzheimer’s disease.
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INTRODUCTION

Over the past decades, rapidly increasing evidence has indicated
that there is a correlation between type 2 diabetes (T2D) mellitus
and Alzheimer’s disease (AD) [1-3]. Metabolic abnormalities,
insulin signaling dysfunction and perturbations in glucose
utilization are the common backgrounds shared by the disease
pathogenesis of both AD and T2D [4, 5]. One of the prominent
pathological hallmarks of AD is the amyloid plaques formed within
the brain by the aggregation of B-amyloid (AB) polypeptides.
However, the remarkable AR polypeptide deposition is not only
restrained to the brains of AD subjects; accumulation of AB
polypeptides within the pancreatic islets of AD mice [4, 6-8] and
diabetes patients [9] has also been reported. Both insulin and AP
polypeptides are substrates of insulin-degrading enzyme (IDE)
[10]. The accumulation of amylin in the progression of AD has
been demonstrated to deplete the activity of IDE and then induce

hyperinsulinemia and insulin resistance in AD mice [11, 12]. In
addition to the amyloid plaques formed by AR polypeptides, the
soluble forms of AB peptides also play a role in AD-induced insulin
signaling disorder by binding to the insulin receptor in the brain
[13, 14]. All of these findings described above spur enthusiasm for
the systematic investigation of the underlying metabolic mechan-
isms accompanying the pathogenesis of Alzheimer's disease and
its complication, type 2 diabetes [2, 15]. However, although efforts
have been made, the metabolic interplay between Alzheimer’s
disease and glucose metabolism dysfunctions has not yet been
fully elucidated. To the best of our knowledge, systematic
metabolomics analysis has never been conducted on pancreatic
tissues of AD subjects, which play key roles in the glucose
metabolism of living systems.

In this manuscript, to reveal the metabolic interplay between
Alzheimer’s disease and global glucose metabolism in a spatial and
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temporal context, we performed a nuclear magnetic resonance
(NMRY)-based metabolomics study using an AD mouse model (APP/
PS1 transgenic mice). The serum and pancreatic tissues of APP/PS1
transgenic mice and wild-type mice were extracted and subjected to
NMR analysis to evaluate the functional state of the pancreas in the
progression of Alzheimer’s disease. Multivariate analysis of principal
component analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA) were conducted to define the
global and local (pancreas) metabolic features associated with the
possible initiation of T2D in the progress of AD. The results achieved
through this study provide new insights into the underlying
molecular mechanisms for understanding the interplay between
AD and T2D-favored metabolic disorders. In addition, the hypothesis
that AD is a heterogeneous disease with both central and peripheral
manifestations is supported by the metabolomics data presented in
this manuscript, which suggests that targeting the peripheral
manifestations of AD might serve as an alternative strategy to
effectively treat this disease, which currently has no definitive cure.

MATERIALS AND METHODS

Materials

Sodium chloride, NaN3, NaH,PO42H,0, Na,HPO412H,0 (all in
analytical grade), CHCl;, and CHsOH (HPLC grade) were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). D,0O
(99.9% in D) containing sodium 3-(trimethyl-silyl) propionate-2, 2, 3,
3, d4 (TSP), which was used as an internal chemical shift reference
standard, was provided by Sigma-Aldrich (Sigma Chemical Corp., St.
Louis, MO, USA). To prevent pH from affecting the chemical shift at
different concentrations, a buffer system containing 0.2% NaNs and
0.2 M Na,HPO4/NaH,PO, dissolved in D,O at pH 7.4 was prepared
and used for NMR sample preparation.

Animals

A well-characterized AD mouse model coexpressing human
amyloid precursor protein (APP695) with the Swedish K670M/
671NL mutation and human presenilin 1 with the exon-9 deletion
mutation (PSEN1dE9), abbreviated as the APP/PS1T mouse model,
was chosen and used in the present study. The genetic
background of the APP/PS1 mice used in this study was C57BL/
6. APP/PS1 mice at the ages of 6 month (APP6m, n =9, male/
female: 3/6) and 9 month (APP9m, n = 10, male/female: 5/5) and
their wild-type (WT) littermates (C57BL/6) (WT6m, n=9, male/
female: 4/5; WT9m, n = 10, male/female: 3/7) were obtained from
the Laboratory Animal Center, Shanghai Institute of Materia
Medica, Chinese Academy of Sciences (Shanghai, China). All
experimental procedures used in this study followed the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals, as well as the guidelines of the Animal Care and Use
Committee of Shanghai Institute of Materia Medica. The animals
were housed under a 12 h/12 h light/dark cycle with free access to
food and water for 1 week before biosample collection.

Serum and pancreas extraction procedures

Blood samples were collected in marked pro-coagulation tubes
from the retinal vein plexus of experimental mice and then
centrifuged (5000 x g, 10 min, 4°C) to remove any precipitates.
The supernatants of serum samples were aliquoted in Eppendorf
tubes and frozen at —80 °C until NMR data acquisition. The whole
pancreatic tissues were quickly removed after the experimental
mice were killed by dislocation of the cervical vertebrae,
immediately snap-frozen in liquid nitrogen and then stored at
—80 °C until further analysis. Extractions of polar metabolites from
the pancreas tissues were performed following the reported
procedure [16-18]. In short, tissue samples, which were pre-
weighed and thawed on ice, were homogenized and extracted
with an ice-cold methanol-chloroform-water solvent system (4, 4,
and 2.85pL, respectively per mg/tissue). The mixtures were
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allowed to thaw for 3 min and then homogenized by the 2 x
20s beating of 5600 r/min with a 20 s pause between the bead
beatings using a tissue homogenizer (Precellys 24, Bertin
Technologies, Villeurbanne, France). After the samples were
bathed in ice for 15 min, they were centrifuged at 12 000 x g at
4°C for 20 min, forming two phases, with protein and cellular
debris as the intermediate layer. The methanol/water upper phase
(containing polar metabolites) was lyophilized and reconstituted
in 600 uL NMR buffer containing 550 puL phosphate buffer (0.2 M
Na,HPO,4/0.2 M NaH,PO,, pH 7.4) and 50 uL D,0. The sample was
then centrifuged at 12 000xg at 4°C for 20min, and the
supernatant was transferred into a 5-mm NMR tube.

NMR measurements

Nuclear magnetic resonance (NMR) spectroscopy experiments
were performed on a Bruker Avance [l NMR spectrometer
equipped with a cryogenic probe at 600.17 MHz for 'H observa-
tion at 298 K. Thawed serum (200 pL) was buffered with 400 pL
phosphate buffer (0.2M Na,HPO,/0.2 M NaH,PO, pH 7.4) and
50 uL D,0 prior to its transfer into a 5-mm NMR tube. Transverse
relaxation-edited spectra were recorded using the water-
suppressed Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence
[RD-90°-(t—180°-1),-ACQ]. A fixed total spin-spin relaxation delay
of 2 nt for 120 ms was applied to attenuate the broad NMR signals
of slowly tumbling molecules with short T, relaxation times and to
retain signals of low-molecular weight compounds. Sixty-four
transients were collected into 32K data points with a spectral
width of 20 ppm and an acquisition time of 2.73 s.

NMR data for each pancreatic tissue sample were obtained
using a solvent-suppressed 1D '"H ZGPR pulse sequence (RD-90°-
ACQ). The 'H ZGPR spectra were recorded with four dummy scans
and 128 transients into 32 K data points with a spectral width of
20 ppm, a relaxation delay of 10.0s and an acquisition time of
2.73s. All 1D spectra were processed with an exponential function
with a 0.03 Hz line broadening factor and zero-filling to 64 K data
points. Moreover, 2D pulsed field gradient correlation spectro-
scopy (gCOSY), together with 2D homonuclear total correlation
spectroscopy (TOCSY) of selected serum and pancreas tissue
samples were performed with standard Bruker pulse programs for
the confirmation of chemical shift assignments.

Multivariate statistical analysis

A total of 76 spectra corresponding to serum and pancreas
samples were considered for multivariate and univariate analysis.
The preprocessing protocol of all 1D 'H raw NMR spectra was the
same as that described in our previous work [19]. The spectral
regions of each metabolite were selected and binned into one
integral. The integrals of the resulting 27 metabolites in serum and
33 metabolites in pancreas tissue were normalized to the sum of
the spectral intensities (excluding the regions of the residual water
and organic solvent resonances) to compensate for differences in
the concentrations of samples. Subsequently, the integral values
were submitted to unit variance (UV) scaling and then subjected
to multivariate analysis by principal component analysis (PCA) and
orthogonal partial least squares projection to latent structures
modeling-discriminant analysis (OPLS-DA) using the SIMCA-P +
14.0 software package (Umetrics, Umed, Sweden). The PCA score
plots were visualized with the first principal component (t[1]) and
the second principal component (t[2]), while the OPLS-DA plots
were visualized with the first principal component (t[1]) and the
orthogonal component (to[1]). The parameters Q2 (cum) and R2X
(cum) were supplied by the software to assess the quality of the
model. R2X (cum) is the total variation explained in the data, and
Q2 (cum) is the cross-validated explained variation.

The correlation coefficient (r) for assessing the relationship
between the variations and the first component of OPLS-DA
models and the variable importance in the projection (VIP) values
(threshold >1) was extracted to identify the metabolites with
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Fig. 1

The representatlve '"H NMR CPMG spectrum (6 0.6-4.7, 5.0-8.6) of the serum sample from the APP/PS1 group mouse and the

representative 600 MHz "H NMR ZGPR spectrum (5 0.6-4.7, 5.6-9.6) of aqueous extract from the pancreatic tissue of the APP/PS1 group

mouse. The abbreviations of metabolites are shown in Table S1

significant contributions to the separations between studied
groups. Additionally, the relative changes of metabolites
between groups were calculated using the normalized integrals,
i.e., (Ia-Ig)/lz, in which I, and g represent the mean metabolite
integrals corresponding to group A and group B for comparison in
one analysis model. The relative integrals of metabolites between
groups are also illustrated by heatmaps.

Univariate statistics of metabolite integrals

The group means of metabolite integrals are expressed as the
mean + SEM. Significant differences in intergroup variation were
evaluated by a nonparametric Wilcoxon test using SPSS 17.0.
Statistical significance was considered at P < 0.05. Box plots of
each metabolite with statistical significance were also illustrated to
present the group integral differences by Graph Pad Prism version
5.01 software (Graph Pad Software Inc., San Diego, CA, USA).

System statistical metabolic correlation analysis and hierarchical
cluster analysis

To explore latent relationships among metabolites and the
interrupted metabolic pathways, we carried out Pearson’s correlation
coefficient calculation and hierarchical cluster analysis based on the
relative integrals of metabolites between groups.

RESULTS

Metabolites identified in the "H NMR spectra of serum and
pancreatic tissue

The 'H NMR spectra presented in Fig. 1 provide comprehensive
snapshots of metabolites from the serum and aqueous extracts
of pancreatic tissues, which are dominated by organic acids
(isobutyrate, lactate, citrate, pyruvate, succinate, fumarate,
2-aminobutyrate, acetate, formate, taurine, 2-aminobutyrate),
amino acids (leucine, isoleucine, valine, alanine, lysine, glycine,
tyrosine, methionine, phenylalanine aspartate, glutamine, gluta-
mate, histidine), energy metabolites (ATP, AMP), carbohydrates
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(glucose, UDPgal, UDPgIcNAC), and others (creatine, Glc1P, NAD™,
nicotinurate, NADPH, choline, GPC, carnitine, GSSH, allantoin,
dimethylglycine). The assignments (both chemical shift and
multiplicity) of identified metabolites (Supplementary Table S1)
were obtained by referring to the previously published literature
and confirmed by 2D "H-"H COSY and TOCSY spectra.

Multivariate analysis of '"H NMR data for serum samples from
experimental mice

The metabolic fingerprints composed of the integrals of metabolites
were analyzed by PCA to evaluate the unbiased clustering and
unsupervised separations among the APP and WT groups. The PCA
scatter plots (Supplementary Fig. S1) derived from the NMR data of
serum samples of the experimental mice present clear separations by
gender in the first principal component and clustering tendencies for
APP9mM mice vs. WT9m mice in the second principal component. To
determine the discriminative metabolites contributing to the separa-
tions between the APP group mice and the WT group mice, we
established OPLS-DA models (Fig. 2). The satisfactory robustness of
the OPLS-DA score plots was demonstrated by values of Q2 larger
than 04. Both APP6m mice vs. WT6m mice and APP9m mice vs.
WT9m mice showed clear separations in the OPLS-DA score plots,
indicating that severe global metabolic perturbations were induced
by the progression of AD. Based on the determined coefficient
numbers of (|r]) extracted from the s-line plots, VIP (threshold > 1)
from the OPLS-DA coefficient plots, and the P values (threshold <
0.05) from the Wilcoxon tests of univariate statistical analysis, the
major discriminative metabolites for the compared groups were
identified in a pair-wise comparison (Fig. 3, Table 1). Decreased levels
of fumarate, pyruvate, glucose-1-phosphate, choline, and taurine were
observed in the serum samples of APP6m group mice (Fig. 3a). In
addition, the levels of glucose-1-phosphate, choline, and taurine were
positively correlated with each other, and the level of pyruvate was
positively correlated with the level of glucose-1-phosphate in the
experimental mice at the age of 6 month old (Fig. 3b). Compared
with the corresponding WT9m group, the APP9m group exhibited
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Fig. 2 The OPLS-DA score plots derived from the 600 MHz '"H NMR spectra of serum samples (a, b) and pancreas samples (c, d) extracted
from the mice in control groups (WT6m, WT9m) and APP/PS1 transgenic groups (APP6m, APP9m). Each group contains 9 or 10 samples (n = 9
or n = 10). The values of Q2 parameter, which were greater than 0.4, indicated that the established OPLS-DA models were valid

Table 1. Quantitative comparisons of metabolites in serum of
experimental mice

APP6m vs WT6m
(model vs control)
%Average changes
(|r], VIP, P-Value)

APP9mM vs WT9m
(model vs control)
%Average changes
(Ir], VIP, P-Value)

Metabolites in serum

(|r]>=0.47) (Ir]> = 0.44)
GIn — 15.59(0.65, 1.23, 0.01)
Glc — 25.90(0.62, 1.2, 0)
Glc1p —54.89(0.83, 1.94, 0) —
FMA —39.80(0.72, 1.65, 0) —
All — 22.63(0.68, 1.27, 0.01)
Ace — 130.17(0.66, 1.37, 0)
Ala — 37.83(0.62, 1.32, 0.03)
Val — 33.39(0.66, 1.34, 0.01)
Tau —30.32(0.6, 1.52, 0.02) 17.12(0.65, 1.22, 0.02)
Ser — 25.10(0.72, 1.34, 0)
Pyr —19.91(0.73, 1.65, 0.01) —19.65(0.53, 1.08, 0.02)
Leu — 40.12(0.69, 1.35, 0)
Lac — —8.55(0.65, 1.3, 0.01)
Cho —28.18(0.72, 1.69, 0) -

GIn glutamine, Glc glucose, GIc1P Glucose 1-phosphate, FMA fumarate, All
allantoin, Ace acetate, Ala alanine, Val valine, Tau taurine, Ser serine, Pyr
pyruvate, Leu leucine, Lac lactate, Cho choline. “—" means no significant
change

decreased levels of lactate and pyruvate and increased levels
of glutamine, taurine, allantoin, acetate, alanine, leucine, valine,
sering, and glucose in the serum (Fig. 3c). Among the identified
discriminative metabolites for the serum samples of APP9m mice vs.
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WT9m mice, the levels of leucine, valine, acetate and alanine were
positively correlated with each other and negatively correlated to the
level of pyruvate (Fig. 3d).

Metabolic disorders observed in the pancreatic tissues of AD mice
To investigate the metabolic events that occurred in the
pancreatic tissues of the AD mice, we performed a series of
multivariate analyses using the integrals of the pancreatic
metabolites from the experimental mice in the APP6m vs.
WT6m and APP9m vs. WT9m groups. As illustrated by the OPLS-
DA models, the metabolic profiles of APP group mice were clearly
different from those in the WT group mice along t [1] (Fig. 2¢, d).
The key metabolites that were significantly disturbed by AD
progression and the predominant contributors to the group
separations of the pancreatic samples were identified accordingly
(Figs. 4 and 5b, Table 2). In comparison with the pancreatic tissue
of the WT6m group, the pancreatic tissue of the APP6m group
exhibited higher levels of 2-aminobutyrate, valine, and alanine
(Figs. 4a and 5b, Table 2). Additionally, the pancreatic tissue
samples of the APP9m group exhibited higher levels of
metabolites NADPH, betaine, ATP, succinate, lactate, glucose,
malate, 2-aminobutyrate, citrate, and aspartate and lower levels of
metabolites glycine, AMP, and nicotinate than the corresponding
samples from the WT group (Figs. 4c and 5b, Table 2). In addition,
the level of glucose was negatively correlated with the level of
glycine and positively correlated with the levels of ATP, lactate,
malate, 2-aminobutyrate, and citrate (Fig. 4d).

DISCUSSION

A growing body of literature from epidemiological studies and
research performed using experimental animal models has
demonstrated that in AD progression, T2D-like effects such as
insulin resistance might be induced, occurring in both the brain

Acta Pharmacologica Sinica (2019) 40:1259-1268



N

N N N N A I A Group I Group

o
=

|
N -

I Glc1P

Cho

|
zucun |

LW9LM
Lw9ddy

Zwoddy

£Woddy

PWgddY

Sw9ddy |

9woddy

1w9ddy | [
8WwoddV

6WIddY

T B N Group [ OOUP

‘ Gin 2
1

‘;_‘

Lweddvy

LWE LM
ZWELM
SWBLM
PWELM
SWELM
JWE LM
SWIELM
BWELM

orws1m
ZWddY
SWEAdY
QWIBddY
Jweddv
gUEddY
6WEAdY
0LWEddY

B APPem
aun M B wrem
0

M ~PPom

WT9m

Interplay between Alzheimer's disease and global glucose metabolism
X Liu et al.

Fig. 3 The heat maps (left panel) and their corresponding correlation plots (right panel) derived from the integral values of metabolites in the
serum samples of experimental mice at the age of 6 months (WT6m and APP6m groups, a, b) and of those at the age of 9 months (WT9m and

APP9m groups, ¢, d)

and periphery of AD subjects [20-23]. More interestingly,
compared with the observations in the T2D mice (ob/ob mice,
high-fat diet-fed mice), more severe glucose metabolism dysfunc-
tions, including glucose intolerance, insulin resistance and insulin
signaling impairment, have been detected in APP"-ob/ob mice
and high-fat diet-fed APP/PS1 mice [24-26]. All the above-
mentioned findings indicate that the pathogenesis of both AD
and T2D share a common metabolic background. In fact, Jill K.
Morris and his colleagues have reported that the metabolomics
profiles of T2D patients and AD patients are quite similar to each
other [15]. Although AD and T2D have been demonstrated to
correlate with each other, more data are still needed to elucidate
the underlying molecular mechanisms.

Metabolomics can reveal metabolic profile changes of living
systems in response to external stimuli [27-29] and has proven to
be valuable in the investigation of molecular mechanisms

Acta Pharmacologica Sinica (2019) 40:1259-1268

underlying various human diseases, including Alzheimer’s disease
[30-36]. In this study, the combined use of nontargeted
metabolomics, metabolic correlation analysis, and multiple
statistical approaches was applied to detect the metabolic
alterations of the serum and pancreatic tissues of APP/PS1 mice
at different time points during AD progression. In addition, the
metabolic mechanisms of the metabolic correlations between AD
and its T2D-promoting effects were then investigated. To the best
of our knowledge, this is the first study to characterize the
metabolic phenotype of the pancreas throughout the develop-
ment of AD in a rodent animal model.

As is well known, amyloid plaques formation within the brain
caused by the aggregation of $-amyloid (AP) polypeptides is one
of the pathological hallmarks of AD. Considerable literature has
demonstrated that APP/PS1 mice just begin to show occasional
AB deposits at 6 month of age [37, 38], with severe astrocytosis
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developing in parallel with plaque deposition [39]. At the age of
9 month, abundant plaques appear in the hippocampus and
cortex of the transgenic mice, and more neuronal loss is observed
adjacent to plaques than in more distal areas [40]. Therefore, in
this study, 6-month-old and 9-month-old APP/PST mice were
selected to mimic the early stage and the more developed stage
of the AP cascade associated with the progression of AD.
According to previously published works, AR plaques might
directly induce insulin resistance, insulin signaling dysfunction,
and alterations in whole-body metabolism [13, 41]. In our study,
consistent with the global effects of the continuous deposition of
AB peptides in brain tissues, glucose metabolism disorders were
detected globally (serum) and locally (pancreas) in AD mice.

SPRINGERNATURE

Compared with the wild-type mice at the age of 9 month old,
APP9m mice exhibited significant upregulation of the glucose
level (hyperglycemia) in both the serum (fold of change = 25.90%,
Table 1) and pancreas (fold of change = 20.84%, Table 2), which
might contribute to the cognitive decline, aggravated insulin
resistance, and pancreatic hyperglycemia damage associated with
AD progression [42, 43].

In addition to damages to the central nervous system and
peripheral organs regulating glucose metabolism in living
systems, hyperglycemia also induces disturbances in the genera-
tion and scavenging of reactive oxygen species, disorders of
energy metabolism, and upregulation of inflammation [43-45]. In
our case, due to the oxidative stress associated with the global
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hyperglycemia of AD mice, decreased levels of taurine (fold of
change = —30.32%, Table 1) in the serum of AD mice at the age of
6 month old and increased levels of allantoin (fold of change =
22.63%, Table 1) in the serum of AD mice at the age of 9 month
old were observed. Taurine may serve as a protector against
oxidative injury by modulating the synthesis of mitochondrial
proteins and upregulating the activity of the mitochondrial
respiratory chain [46-48]. Allantoin is a product of the oxidation
of uric acid via a nonenzymatic pathway with the presence of high
levels of reactive oxygen species [49]. In addition to ROS stress,
disorders of energy metabolism were also observed in the serum
and pancreas of AD mice. One of the key intermediates of the
Krebs cycle, fumarate, was significantly downregulated (fold of
change = —39.80%, Table 1) in the serum of AD mice at the age of
6 month old. The other Krebs cycle intermediate, pyruvate, was
downregulated in the serum of AD mice at the ages of 6 month
old (fold of change = —19.91%, Table 1) and 9 month old (fold of
change = —19.65%, Table 1). Meanwhile, decreased levels of two
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intermediate metabolites of glycolysis, glucose-1-phosphate (fold
of change = —54.89%, Table 1) and lactate (fold of change =
—8.55%, Table 1), were detected in the serum of AD mice at
the age of 6 month old and 9 month old, respectively. In the
metabolite correlation analysis of the serum samples from the
experimental mice at the age of 6 month the change in glucose-1-
phosphate was significantly and positively correlated with the
alteration in pyruvate (Fig. 3b), which suggests a synchronized
global downregulation of glycolysis and the Krebs cycle of AD
mice. Consistent with the observed alterations in global glucose
metabolism and energy metabolism under the circumstance of
hyperglycemia, the levels of leucine (fold of change =40.12%,
Table 1) and valine (fold of change = 33.39%, Table 1) branched-
chain amino acids, which have been demonstrated to play a role
in responding to the downregulation of glucose utilization
[50, 51], were upregulated in the serum of APP9m group mice
(Table 1), and the observed alteration in leucine was positively
correlated with the change in glucose (Fig. 3d). Notably, increased
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Table 2. Quantitative comparisons of aqueous metabolites in
pancreas tissues of experimental mice
Metabolites in pancreas APP6m vs WTém APP9m vs WT9m
(model vs control) (model vs control)
%Average changes  %Average changes
(|r], VIP, P-Value) (|r]. VIP, P-Value)
(r]> =0.47) (|r]> = 0.44)
Val 14.31(0.71, 1.91, 0) —
Suc - 13.56(0.83, 1.64, 0)
2AB 10.43(0.47, 1.44, 0.03) 32.37(0.58, 1.38, 0.01)
Nic - —36.80(0.5, 1.04, 0.03)
NADPH - 35.41(0.52, 1.19, 0.04)
Mal — 27.65(0.8, 1.64, 0)
Lac — 15.36(0.78, 1.54, 0)
Gly - —20.27(0.66, 1.39, 0)
Glc - 20.84(0.69, 1.41, 0)
Cit - 21.14(0.58, 1.27, 0)
Bet — 11.75(0.56, 1.11, 0.01)
ATP — 36.50(0.86, 1.7, 0)
Asp - 13.55(0.44, 1.14, 0.03)
AMP — —11.46(0.65, 1.31, 0)
Ala 11.58(0.56, 1.57, 0.02) —

Val valine, Suc succinate, 2-AB 2-aminobutyrate, Nic nicotinurate, NADPH
reduced nicotinamide adenine dinucleotide phosphate, Mal malate, Lac
lactate, Gly glycine, Glc glucose, Cit citrate, Bet betaine, ATP adenosine-
triphosphate, Asp aspartate, AMP adenosine-monophosphate, Ala alanine.
“—" means no significant change

levels of branched-chain amino acids (BCAAs) in serum have been
reported as one of the signatures for the progression of insulin
resistance and the onset of T2D [52, 53].

All of the aforementioned global metabolic changes in AD mice
strongly suggest that the progression of AD in transgenic mice
might promote the development of diabetes. Not surprisingly,
metabolic disturbances in energy metabolism were observed in
the pancreas of AD mice. Compared with the pancreas of WT
mice, the pancreas of AD mice exhibited a higher rate of ATP
synthesis and faster cell respiration. Downregulated AMP (fold of
change = —11.46%, Table 2), upregulated ATP (fold of change =
36.50%, Table 2), upregulated glucose (fold of change = 20.84%,
Table 2), upregulated lactate (fold of change = 15.36%, Table 2),
upregulated citrate (fold of change =21.14%, Table 2), upregu-
lated succinate (fold of change = 13.56%, Table 2), and upregu-
lated malate (fold of change = 27.65%, Table 2) were observed in
the pancreatic tissues of the APP9m mice. The change in glucose
in the pancreatic tissues of APP9m mice was positively correlated
with the alterations in ATP, malate, lactate, and citrate (Fig. 4d),
which suggests that the overloaded glucose exerts a dramatic
upregulation of energy metabolism. In addition, the upregulation
of ATP might at least be partially attributed to the enhanced need
for insulin biosynthesis under the circumstance of global
hyperglycemia. Insulin biosynthesis is an ATP-dependent process
[54]. During AD progression, metabolic disturbances in the
intermediate metabolites of the oxidative respiratory chain were
also observed. Lower levels of nicotinurate and higher levels of
NADPH were detected in the pancreas of APP9m group mice than
in that of WT9m group mice (Table 2). Nicotinurate is the major
detoxification product of nicotinic acid, the derivatives of which,
such as NADH, NAD, NAD" , and NADP, play essential roles in the
energy metabolism of living cells. More importantly, the disturbed
glucose metabolism in KK-Ay obese mice has been shown to be
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improved by nicotinic acid treatment, which functions by
suppressing the effect of the increase in the blood glucose level
[55]. Therefore, downregulation of nicotinurate in the pancreas of
AD mice might be a consequence of the reduced insulin
sensitivity and the development of insulin resistance.

Finally, we should mention that gender-dependent separa-
tions in the metabolomics profiles of the experimental mice
were observed in this study. The PCA scatter plots (Supplemen-
tary Fig. S1) derived from the NMR data of the serum and
pancreatic samples of the experimental mice at the age of
6 months present separations by gender in the first principal
component. Meanwhile, clustering tendencies are observed for
APP9m mice vs. WT9m mice at the age of 9 month in the second
principal component (Supplementary Fig. S1). Therefore, we
conclude that the global glucose metabolism changes induced
by the development of Alzheimer’'s disease might be gender
dependent, at least for the APP/PS1 transgenic mice at the age
of 6 month old. A further metabolomics study incorporating
more experimental mice might provide a more thorough picture
of the gender-based metabolomics features linked with AD
progression.

CONCLUSION

In summary, the metabolomics data presented in this manuscript
suggest a tight correlation between AD progression and disorders
of global glucose metabolism. Hyperglycemia, its accompanying
metabolic disorders, including oxidative stress and energy
metabolism imbalance, and the upregulation of branched-chain
amino acids were observed in the serum of AD mice (Fig. 5a). In
addition, global glucose metabolism dysfunctions, particularly
hyperglycemia, also induced a metabolic profile change in the
pancreas of AD mice. Moreover, the overloaded glucose caused a
dramatic upregulation of energy metabolism in the pancreas of
AD mice (Fig. 5b). The aforementioned metabolic changes in the
serum and pancreas of AD mice indicate that the development of
AD promotes diabetes by downregulating the global utilization of
glucose and interfering with the function of the pancreas. Our
findings reveal a tight correlation between the pathogenesis of AD
and glucose metabolism dysfunctions, indicating that targeting
the glucose metabolism-related metabolic manifestations of AD
might be an effective strategy to treat this currently uncurable
disease.
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