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INTRODUCTION

The involvement of metabolic abnormalities in the onset of 

dementia is the subject of a growing body of research. An epi-
demiological study reported the frequency of dementia in pa-
tients among diabetic patients.1 Since type 2 diabetes mellitus 
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Purpose: Type 2 diabetes mellitus (T2DM) is associated with a 2-fold increased risk of developing Alzheimer’s disease. In earlier 
research, agmatine has been demonstrated to alleviate diabetes symptoms and increase cognitive performance. However, it is un-
clear whether the improvement of cognitive function is attributable to the reduction of diabetic symptoms or its direct influence on 
brain metabolism. Using hyperpolarized (HP) [1-13C]pyruvate magnetic resonance spectroscopy (MRS), this study intends to evalu-
ate the influence of agmatine on brain metabolism.
Materials and Methods: ICR mice were fed a high-fat diet and injected with streptozotocin to develop a T2DM animal model. Dur-
ing a 2-week period, T2DM mice were treated with normal saline or 100 mg/kg of agmatine, and brain HP [1-13C]pyruvate MRS was 
performed. The effect of agmatine on lactate generation and NADH/NAD+ redox state was investigated using C6 and neuro-2a 
(N2a) cells. 
Results: As a perfusion marker, the total 13C signals in the brain of T2DM mice (p=0.07) and agmatine-treated mice (p<0.05) were 
reduced. The conversion constant (Kpl) from [1-13C]pyruvate to [1-13C]lactate was not distinguishable in the brains of T2DM mice 
but was significantly increased in the brains of agmatine-treated T2DM mice. Treating C6 and N2a cells with agmatine increased 
NADH/NAD+ ratio and lactate generation.
Conclusion: Agmatine influences the NADH/NAD+ redox state in the brains of T2DM mice, which may be connected with en-
hanced cognitive performance and increased conversion of HP [1-13C]pyruvate to HP [1-13C]lactate.
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(T2DM) has a long-term development and the factors impact-
ing metabolisms, such as blood glucose, insulin, and glucagon, 
alter dynamically,2 it is difficult to determine the diabetes-re-
lated factors that induce cognitive deterioration. Therefore, 
technologies to monitor brain metabolism during long-term 
disease progression are required to determine the cause and di-
agnosis of dementia caused by diabetes. Fluorine 18 (18F) fluo-
rodeoxyglucose (FDG) positron emission tomography (PET) 
is a common metabolic imaging technique used to detect glu-
cose uptake. Reduced 18F FDG uptake in the brain is associated 
with reduced glucose transporter (GLUT1 and GLUT3) expres-
sion in the brains of Alzheimer’s disease patients.3-5 However, 
frequent use of radioactive isotopes during follow-up has lim-
itations. A serum glucose level of more than 160 mg/dL can 
alter the 18F FDG standardized uptake value, limiting its appli-
cation in diabetic patients.6,7 

Without exposure to ionizing irradiation,8 hyperpolarized    
(HP) 13C pyruvate magnetic resonance spectroscopy (MRS) 
can trace metabolism with roughly 10000-fold increased sen-
sitivity. It traces the conversion of injected [1-13C]pyruvate to 
[1-13C]lactate mediated by the enzyme. Consequently, it is com-
paratively unaffected by serum glucose levels.9 Prior to this 
study, we used HP 13C MRS to trace regional brain metabolism 
in pre-diabetic mice fed a 60% high-fat diet (HFD) and in T2DM 
injected with a single dose of streptozotocin and fed a 60% 
HFD. In pre-diabetes, the [1-13C]lactate/[1-13C]pyruvate ratio 
increased around 4–5 folds in the entire brain, the greatest rise 
occurring in the hippocampus region, whereas a 1.4-fold in-
crease was detected in the hippocampal region in the T2DM 
group.10,11 These findings suggest that the brain response to met-
abolic state varies with illness progression.

Anti-diabetic medicines, such as dipeptidyl Peptidase-4 in-
hibitors, metformin, thiazolidinedione, and sulfonylurea, dem-
onstrated a beneficial therapeutic effect on dementia associated 
with diabetes.12,13 Agmatine is an endogenous aminoguani-
dine, and its therapeutic effects in diabetes, stroke, spinal cord 
injury, and cognitive decline have been reported.14,15 We rec-
ommended the use of agmatine as a therapeutic option for 
diabetes-induced dementia. In a previous study,14 we demon-
strated that agmatine prevented T2DM-mediated cognitive 
decline in an animal model. A nearly 4-fold increase in glu-
cose tolerance, insulin tolerance, and overnight fasting blood 
glucose levels was found in T2DM, and treatment with agma-
tine for 2 weeks returned the levels to those of control mice. In-
sulin levels in mice with T2DM increased nearly 10-fold, but 
agmatine decreased them by 4.5-fold. T2DM mice had a cog-
nitive impairment on behavior tests, whereas agmatine thera-
py increased their performance on the Morris water maze test 
and Nesting building task. This enhanced cognition was sup-
ported by decreased tau phosphorylation and amyloid beta 
buildup in the brain cortex and hippocampus.14 However, it is 
unknown if agamatine’s effect on cognitive enhancement re-
sulted from the alleviated diabetic symptoms or whether it di-

rectly affected brain metabolism. Using HP [1-13C]pyruvate 
MRS, this study evaluated the influence of agmatine on brain 
metabolism in mice with T2DM.

MATERIALS AND METHODS

Animal procedures
We previously documented the effect of agmatine on a T2DM 
model with Alzheimer’s-like changes; therefore, we examined 
HP 13C pyruvate MRS in the same animal model. Seven-week-
old adult male ICR mice were used (Central Lab Animal Inc., 
Seoul, Korea). All procedures were carried out in compliance 
with the standards of the Yonsei University College of Medi-
cine Animal Care and Use Committee and the National Insti-
tutes of Health. Normal control mice (n=4) were fed normal 
chow for 14 weeks. To induce T2DM, eight mice were fed a 
HFD (60 kcal fat) for 1 month, injected intraperitoneally with 
streptozotocin (100 mg/kg/ip) dissolved in citrate buffer (pH 
4.4), and then fed a HFD for another 2 months. After dividing 
the mice into two groups, the vehicle (HFD) group was intra-
peritoneally injected with saline (n=4), and the agmatine 
(HFD+Agm) group was injected with 100 mg/kg/ip of agma-
tine (Sigma Aldrich, St. Louis, MI, USA) dissolved in saline for 
2 weeks (n=4). At 14 weeks, HP 13C pyruvate MRS was done.

HP 13C MR spectroscopy
Mice fasted for 4 to 5 hours before the HP 13C MR spectrosco-
py. We mixed 26.7 mg of [1-13C]pyruvic acid (Cambridge Iso-
tope, Tewksbury, MA, USA) with 15 mM of trityl radical OX-063 
(Oxford Instruments, Oxford, UK) and 0.75 mM of gadoterate 
meglumine (Dotarem®; Guerbet, Villepinte, France). The [1-
13C]pyruvic acid sample was HP using a dynamic nuclear po-
larization device (HyperSense®; Oxford Instruments) and dis-
solved in 3.8 mL of Tris/EDTA-NaOH buffer, yielding 79 mM 
pyruvate (pH7.5) with an approximately 20% polarization lev-
el. For in vivo MRS, 350 µL of HP [1-13C]pyruvate was drawn 
into a syringe. Using a 9.4T animal imaging system (BioSpec 
94/20, Bruker BioSpin MRI GmbH, Ettlingen, Germany) with 
a 1H-13C dual-tuned surface transmit/receive coil, we per-
formed in vivo HP MR spectroscopy. We obtained time-re-
solved 13C free induction decay data from 7.5 mm axial slices 
at the mid-level of the brain containing hippocampus using a 
pulse-and-acquire sequence16 with a flip angle of 10° and a 
temporal resolution of 1 second. The other parameters were 
the field of view=24×24 mm2, matrix size=12×12, echo time 
(TE)/repetition time (TR)=26.8/81 ms. As a marker of perfu-
sion, we computed the sum of the area beneath the 13C spec-
trum for 10 seconds after injection. The pyruvate to lactate 
conversion rate constant (kpl) was determined by fitting the 
lactate and pyruvate peak intensities to the two-site exchange 
model presented by Day:17
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dL/dt=-ρl (L-L∞)+kp P-kl L		  (eq.1)
dP/dt=-ρp (P-P∞+kp L-kp P		  (eq.2)

where L and P are the z-magnetizations of 13C nucleus in the 
lactate and pyruvate; t is time; ρl and ρp are the spin-lattice re-
laxation rates for lactate and pyruvate; L∞ and P∞ are the equi-
librium magnetizations of lactate and pyruvate; kp is the con-
version rate constant from pyruvate to lactate; and kl is the 
conversion rate constant from lactate to pyruvate. The spin-
lattice relaxation rates for lactate and pyruvate were assumed 
to be the same. The equilibrium magnetizations are assumed 
by the concentrations of lactate and pyruvate. All data were 
processed using MATLAB-based analysis (R2017a; MathWorks, 
Natick, MA, USA).

Cell culture
C6 glioblastoma cells and Neuro-2a (N2a) cells were grown in 
T75 cell culture flasks (SPL Life Science, Pocheon, Korea) with 
10% fetal bovine serum (FBS, Corning, Corning, NY, USA) 
containing high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM, Hyclone, Logan, UT, USA). The cells were incubated 
with 5% CO2 at 37°C. To examine the effect of agmatine on the 
NADH/NAD+ ratio or amount of lactate, cells were incubated 
in Roswell Park Memorial Institute (RPMI) 1640 medium con-
taining 10% FBS since DMEM contained 110 mg/L of sodium 
pyruvate (Sigma Aldrich), which can affect the NADH/NAD+ 
ratio and lactate level.18 

Assessment of nicotinamide adenine dinucleotide 
(NAD) and nicotinamide adenine dinucleotide 
hydrate (NADH)
C6 and N2a cells were grown at a density of 1×106 cells per 6 cm 
dish using 10% FBS-containing DMEM. After 24 hours, the 
cells were treated with 2.5 or 5 mM agmatine in RPMI 1640 me-
dia containing 10% FBS. NAD and NADH levels were measured 
using the NADH/NAD+  Colorimetric kit (K337, Biovision, Mil-
pitas, CA, USA). Cells that have been trypsinized were collect-
ed and lysed using NADH/NAD+ extraction buffer according to 
the manufacturer’s instructions. We quantified the concentra-
tions of NAD+ and NADH using Bicinchoninic Acid (BCA)-
based analysis with the same amount of solute. The absorbance 
was measured at 450 nm using a Versamax spectrometer (Mo-
lecular Device, San Jose, CA, USA).

Assessment of lactate level
C6 and N2a cells were seeded in a density of 1×106 cells per 
6 cm dish with 10% FBS-containing DMEM. After 24 hours, the 
cells were treated with 2.5 or 5 mM agmatine in RPMI 1640 
medium (Hyclone) containing 10% FBS with or without 110 
mg/L sodium pyruvate. Cells were lysed using lactate assay 
buffer contained in the lactate colorimetric assay kit (K607, 
Biovision). The concentration of the lysate was determined us-
ing a BCA protein kit (Thermo Scientific, Waltham, MA, USA). 
According to the manufacturer’s instructions, the lactate con-
centration was measured and computed in 40 μg of lysate.

Fig. 1. HP 13C lactate peak intensity was increased in the brains of T2DM mice treated with agmatine. (A) The representative sum of the 13C spectrum 
was measured in the brains of normal control mice, (B) T2DM mice, and (C) T2DM mice treated with agmatine. In the complete brains of mice, [1-13C]
pyruvate, [1-13C]lactate, and 13C bicarbonate was identified at 173 ppm, 185 ppm, and 162 ppm, respectively. (D) Dynamic peak intensity of [1-13C]pyru-
vate and [1-13C]lactate in the brain of (D) normal control mice, (E) T2DM mice, and (F) agmatine-treated T2DM mice (n=4 mice). Graphs from injection 
to 60 seconds are depicted using an arbitrary unit (a.u.). The regions that contain more pyruvic acid than lactate are colored yellow, whereas the ar-
eas with more lactate than pyruvic acid are colored purple. HP, hyperpolarized; T2DM, type 2 diabetes mellitus; NC, normal control.
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Statistical analysis
The in vivo data are expressed as mean±standard error, while 
in vitro data are expressed as mean±standard deviation. The 
sample size reflects the experimental replications from a single 
representative experiment validated by independent repeti-
tions. p<0.05 was considered statistically significant. p-values 
were determined by analysis of variance followed by Tukey’s 
test for post-hoc comparison using statistical software (PRISM, 
version 6.0, GraphPad Software, San Diego, CA, USA). 

RESULTS

HP 13C lactate peak increased in the brain of agma-
tine-treated T2DM mice 
We obtained the spectra (Fig. 1A-C) and dynamic curves (Fig. 
1D-F). In the brains of mice, [1-13C]pyruvate was found at 173 
ppm, [1-13C]lactate at 185 ppm, and 13C bicarbonate at 162 
ppm. The brain of the agmatine-treated T2DM mice showed 
the greatest 13C lactate peak (Fig. 1A-C), and greater lactate con-
version was found in the dynamic curve of the agmatine-treat-
ed group (Fig. 1D-F). 

Agmatine-treated T2DM mice did not affect brain 
perfusion but increased lactate conversion 
As agmatine improved a number of blood markers in T2DM,14 
we investigated whether it also improved brain perfusion. Hy-
poperfusion was seen in the brains of mice with T2DM, as ex-
pected (p=0.074). Still, agmatine did not alleviate cerebral hy-
poperfusion (p=0.020) (Table 1, Fig. 2A). The value of the 
conversion rate constant from pyruvate to lactate (Kpl) did not 
change between T2DM and control groups (p=0.255). Still, it 
was considerably increased in the agmatine-treated T2DM 
group (p=0.012), indicating that agmatine promotes lactate 

conversion in the brains of T2DM mice (Table 1, Fig. 2B). How-
ever, the ratio of HP 13C bicarbonate/pyruvate did not differ 
between the groups (Fig. 2C).

Agmatine increased NADH/NAD+ ratio and lactate 
production in both neuron and astrocyte in vitro 
Metformin is known to alter the cytosolic NADH/NAD+ redox 
state,19,20 resulting in increased cytosolic NADH levels, which 
can increase Kpl by utilizing NADH.21 Given that agmatine has 
a similar guanidine structure to metformin and a similar effect 
on serum glucose levels in diabetic mice,14 we examined 
whether agmatine might affect the NADH/NAD+ redox state 
and the amount of lactate. 

As demonstrated in Fig. 3, agmatine administration raised 
the amount of NADH and the NADH/NAD+ ratio in both neu-
ronal N2a cells and astroglial C6 cells. In addition to an in-
crease in the NADH/NAD+ ratio, agmatine administration el-
evated lactate levels, which were further increased by the addi-
tion of sodium pyruvate (Fig. 4). These findings suggest that 
agmatine affects the ratio of NADH to NAD+ in the T2DM 
brain. Therefore, when HP [1-13C]pyruvate was supplied, it was 
forced to be converted to [1-13C]lactate by the consumption of 
NADH.

DISCUSSION

Agmatine has been found to relieve diabetes symptoms and 
enhance cognitive function.14 In this study, HP [1-13C]pyruvate 
MRS was used to explore the effect of agmatine therapy on 
brain metabolism in a T2DM model.11 As a perfusion marker, 
the total HP 13C signals in the brain of mice were reduced in 
T2DM, and agmatine-treated mice showed no perfusion im-
provement. The [1-13C]pyruvate to [1-13C]lactate conversion 

Table 1. The sum of 13C spectrum and Kpl

NC T2DM T2DM+Agm
Sum of 13C spectrum (arbitrary unit) 4.6×107±3.7×106 3.4×107±3.7×106 3.0×107±2.7×106

Kpl 0.0087±0.0011 0.0114±0.0014 0.0173±0.0008
NC, normal control; T2DM, type 2 diabetes mellitus.
Kpl: Apparent rate constant for conversion of hyperpolarized [1-13C]pyruvate to [1-13C]lactate.
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Fig. 2. Treatment with agmatine had no effect on cerebral brain perfusion, although it increased [1-13C]lactate/pyruvate conversion. (A) The box plot 
depicts the total 13C signal collected 10 seconds after the injection as a perfusion indicator from the brain. (B) Apparent conversion rate constant from 
HP [1-13C]pyruvate to HP [1-13C ]lactate (Kpl). (C) The peak bicarbonate-to-pyruvate (Bic/Pyr) signal ratio was computed. p-value was obtained from 
ANOVA, followed by the Tukey test for post-hoc comparisons. *p<0.05; **p<0.01. HP, hyperpolarized; ANOVA, analysis of variance.
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Fig. 4. Agmatine increases lactate production in C6 cells and N2a cells. Lactate concentration was measured 24 hours after treating (A) glial C6 cells 
with 5 mM agmatine without or with 110 mg/L of sodium pyruvate and (B) neuronal N2a cells with 2.5 mM agmatine without or with 10 mg/L of sodium 
pyruvate. p-value was obtained from ANOVA, followed by the Tukey test for post-hoc comparisons. *p<0.05; ***p<0.001. N2a, neuro-2a; ANOVA, 
analysis of variance; RPMI, Roswell Park Memorial Institute.

rate constant (Kpl) did not differ between the control and 
T2DM groups. However, it nearly doubled when treated with 
agmatine, indicating a greater lactate concentration. As agma-

tine treatment of N2a and C6 cells increased the NADH/NAD+ 
ratio and increased the amount of lactate, our data showed 
that agmatine in the brain altered the cytosolic NADH/NAD+ 
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redox state in the brain of T2DM, which may contribute to en-
hanced cognitive performance.

Endogenous agmatine’s physiological function is mainly 
unclear. However, exogenous agmatine has shown neuropro-
tective benefits in various neurodegenerative illnesses, such 
as Alzheimer’s disease, Parkinson’s disease, and brain isch-
emia.15 Increased reactive oxygen species (ROS) levels signifi-
cantly impact neuronal cell death. Previously, it was discov-
ered that neuronal cell exposure to high glucose-induced ROS 
formation and apoptosis, but agmatine decreased this high 
glucose-mediated ROS production and apoptosis.22 When the 
glucose supply is excessive, NADH production through glycol-
ysis and the tricarboxylic acid cycle increase, promoting ROS 
production in the electron transport chain in mitochondria to 
generate adenosine triphosphate (ATP).23 Increasing cytosolic 
NADH by agmatine in neuronal cells can inhibit ROS generation 
in the presence of excessive energy load or defective mitochon-
dria. Restricting pyruvate entry into mitochondria can minimize 
ROS production by increasing lactate production using NADH 
in the cytoplasm. This is because ROS are formed largely in the 
mitochondria (Fig. 5). 

Recently, the astrocyte-neuron lactate shuttle hypothesis has 
highlighted lactate’s significance, primarily produced by astro-
cytes and utilized by neurons for ATP production.24,25 Since as-
trocytes have greater metabolic flexibility than neurons under 
stress conditions, such as hypoxia or diabetes, lactate produc-
tion in astrocytes can aid in maintaining neuronal function by 
being converted to pyruvate and utilized in mitochondrial me-
tabolism to make ATP. In a previous study, we hypothesized that 
the ATP citrate lyase-mediated metabolic route promoted lac-
tate production in the brain of T2DM in response to decreased 
glucose availability. Despite the fact that agmatine boosts lac-
tate production in astrocytes by regulating the NADH/NAD+ 
ratio, it may benefit the brain by avoiding the ATP citrate lyase-
mediated metabolic route, which can stimulate lipid buildup 
in the brain (Fig. 5). However, it has to be determined whether 
agmatine-mediated lactate production can affect the ATP ci-

trate lyase-mediated metabolic pathway and lipid accumula-
tion in astrocytes.

Interestingly, despite the fact that agmatine therapy did not 
improve brain perfusion, it had a direct effect on brain metab-
olism. This is noteworthy as alleviating symptoms of T2DM is 
one strategy to reduce the incidence of dementia. Metformin 
is an intriguing medicine in this way since its guanidine struc-
tures resemble those of agmatine. However, the results of met-
formin use in Alzheimer’s disease have been varied. According 
to research, metformin decreases insulin resistance and oxida-
tive stress in the brain, improving cognitive function.26,27 On 
the other hand, it has been hypothesized that long-term use 
of metformin in T2DM is a risk factor for neurodegenerative 
diseases.28 A recent study found that metformin had no effect 
on patients with less than 5 years of T2DM duration, while the 
risk of developing Alzheimer’s disease increased with longer 
diabetes duration (>5 years).29 The mixed results of metformin 
on cognitive function may be due to the fact that metformin has 
a neuroprotective effect on the brain of T2DM, which can be 
offset by negative effects with extended administration. It is im-
portant to remember that metformin affects ATP generation, 
and metformin’s potential to impair brain function may result 
from its ongoing ATP depletion.

The significance of guanidine-containing medication in mod-
ulating the NADH/NAD+ ratio, which may be their mechanism 
of action, is highlighted by our research. In addition, when uti-
lizing HP [1-13C]pyruvate MRS to evaluate therapeutic efficacy 
in certain disorders, it is essential to determine whether the 
medicine comprises a guanidine structure. In a recent study, 
we found that ionizing radiation therapy decreased HP [1-13C]
lactate conversion in an animal model breast cancer brain me-
tastasis, indicating a decrease in the Warburg effect. Metfor-
min’s influence on the NADH/NAD+ ratio rendered HP [1-13C]
pyruvate useless for evaluating the combined effect when ion-
izing radiation therapy was paired with metformin.

A limitation of our study is that we did not investigate the lo-
coregional effects of agmatine on brain metabolism using 

Astrocyte Neuron Astrocyte

DiabetesNormal

Fig. 5. Function of agmatine on the astrocyte-neuron lactate shuttle in the T2DM brain. Glucose is mostly delivered to astrocytes, metabolized to lactate, 
and released through monocyte transporters (MCTs) in the normal brain. Through mitochondrial metabolism, neurons absorb lactate, convert it to pyru-
vate, and produce ATP. T2DM leads to decreased glucose availability in the brain due to insulin resistance or decreased glucose transporter1 (GLUT1). As 
agmatine influences cytosolic NADH/NAD+ redox states, decreased ROS production in neurons and increased lactate production in astrocytes may be 
associated with enhanced cognitive function in T2DM. T2DM, type 2 diabetes mellitus; ATP, adenosine triphosphate; ROS, reactive oxygen species.
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multivoxel mapping. In our previous research, we used chemi-
cal shift imaging mapping to indicate locoregional variations 
in brain metabolism in T2DM mice, namely that HP [1-13C]lac-
tate production was considerably elevated in the hippocam-
pus region. In the present work, as a probing study, we ob-
tained HP 13C spectra using time-resolved single-voxel MRS at 
the mid-level of the brain containing the hippocampus to in-
vestigate whether agmatine affects brain metabolism, includ-
ing the hippocampus. Further investigation using multivoxel 
MRS mapping would be valuable to evaluate the locoregional 
variation of brain response by agmatine treatment.

In conclusion, agmatine influences brain metabolism in 
T2DM by altering the ratio of NADH to NAD+, resulting in an 
increase in HP [1-13C]lactate conversion but no improvement 
in hypoperfusion. This suggests that medication altering the ra-
tio of NADH to NAD+, such as metformin and agmatine, may 
be helpful for T2DM-mediated cognitive decline, and that prior 
knowledge of a drug’s effect on the NADH/NAD+ redox state is 
essential.

ACKNOWLEDGEMENTS

This research was supported by a grant from the Korea Health 
Technology R&D Project through the Korea Health Industry 
Development Institute (KHIDI) funded by the Ministry of 
Health & Welfare, Republic of Korea (HI14C2173), the Nation-
al Research Foundation of Korea (NRF) grant funded by the 
Korean government (MSIT) (No. 2020R1I1A1A01065063), and 
the faculty research grant of Yonsei University College of 
Medicine (6-2021-0237).

AUTHOR CONTRIBUTIONS

Conceptualization: Eosu Kim, Chul Hoon Kim, Jong Eun Lee, and 
Ho-Taek Song. Data curation: Young-Suk Choi, Jae Eun Song, and 
Ho-Taek Song. Formal analysis: Young-Suk Choi and Jae Eun Song. 
Funding acquisition: Eosu Kim, Chul Hoon Kim, Jong Eun Lee, and 
Ho-Taek Song. Investigation: Young-Suk Choi, Eosu Kim, Chul Hoon 
Kim, Jong Eun Lee, and Ho-Taek Song. Methodology: Young-Suk 
Choi, Jong Eun Lee, and Ho-Taek Song. Project administration: Jong 
Eun Lee and Ho-Taek Song. Resources: Jong Eun Lee and Ho-Taek 
Song. Software: Jae Eun Song. Supervision: Jong Eun Lee and Ho-
Taek Song. Validation: Jong Eun Lee and Ho-Taek Song. Visualization: 
Jae Eun Song. Writing—original draft: Young-Suk Choi and Ho-Taek 
Song. Writing—review & editing: Young-Suk Choi, Jae Eun Song, and 
Ho-Taek Song. Approval of final manuscript: all authors.

ORCID iDs

Young-Suk Choi	 https://orcid.org/0000-0003-4930-8455
Jae Eun Song	 https://orcid.org/0000-0002-7616-543X
Eosu Kim	 https://orcid.org/0000-0001-9472-9465
Chul Hoon Kim	 https://orcid.org/0000-0002-7360-429X
Jong Eun Lee	 https://orcid.org/0000-0001-6203-7413
Ho-Taek Song	 https://orcid.org/0000-0002-6655-2575

REFERENCES

1.	 Sridhar GR, Lakshmi G, Nagamani G. Emerging links between 
type 2 diabetes and Alzheimer’s disease. World J Diabetes 2015; 
6:744-51.

2.	 Fonseca VA. Defining and characterizing the progression of type 
2 diabetes. Diabetes Care 2009;32(Suppl 2):S151-6.

3.	 Kim EJ, Cho SS, Jeong Y, Park KC, Kang SJ, Kang E, et al. Glucose 
metabolism in early onset versus late onset Alzheimer’s disease: 
an SPM analysis of 120 patients. Brain 2005;128(Pt 8):1790-801.

4.	 Small GW, Ercoli LM, Silverman DH, Huang SC, Komo S, 
Bookheimer SY, et al. Cerebral metabolic and cognitive decline in 
persons at genetic risk for Alzheimer’s disease. Proc Natl Acad Sci 
U S A 2000;97:6037-42.

5.	 Liu Y, Liu F, Iqbal K, Grundke-Iqbal I, Gong CX. Decreased glu-
cose transporters correlate to abnormal hyperphosphorylation of 
tau in Alzheimer disease. FEBS Lett 2008;582:359-64.

6.	 Sprinz C, Altmayer S, Zanon M, Watte G, Irion K, Marchiori E, et al. 
Effects of blood glucose level on 18F-FDG uptake for PET/CT in 
normal organs: a systematic review. PLoS One 2018;13:e0193140.

7.	 Viglianti BL, Wong KK, Wimer SM, Parameswaran A, Nan B, Ky C, 
et al. Effect of hyperglycemia on brain and liver 18F-FDG standard-
ized uptake value (FDG SUV) measured by quantitative positron 
emission tomography (PET) imaging. Biomed Pharmacother 2017; 
88:1038-45.

8.	 Ardenkjaer-Larsen JH, Fridlund B, Gram A, Hansson G, Hansson L, 
Lerche MH, et al. Increase in signal-to-noise ratio of >10000 times 
in liquid-state NMR. Proc Natl Acad Sci U S A 2003;100:10158-63.

9.	 Golman K, Olsson LE, Axelsson O, Månsson S, Karlsson M, Pe-
tersson JS. Molecular imaging using hyperpolarized 13C. Br J Ra-
diol 2003;76 Spec No 2:S118-27.

10.	 Choi YS, Kang S, Ko SY, Lee S, Kim JY, Lee H, et al. Hyperpolarized 
[1-13C] pyruvate MR spectroscopy detect altered glycolysis in the 
brain of a cognitively impaired mouse model fed high-fat diet. Mol 
Brain 2018;11:74.

11.	 Choi YS, Song JE, Lee JE, Kim E, Kim CH, Kim DH, et al. Hyperpo-
larized [1-13C]lactate flux increased in the hippocampal region in 
diabetic mice. Mol Brain 2019;12:88.

12.	 Muñoz-Jiménez M, Zaarkti A, García-Arnés JA, García-Casares N. 
Antidiabetic drugs in Alzheimer’s disease and mild cognitive im-
pairment: a systematic review. Dement Geriatr Cogn Disord 2020; 
49:423-34.

13.	 Zhou JB, Tang X, Han M, Yang J, Simó R. Impact of antidiabetic 
agents on dementia risk: a Bayesian network meta-analysis. Me-
tabolism 2020;109:154265.

14.	 Kang S, Kim CH, Jung H, Kim E, Song HT, Lee JE. Agmatine ame-
liorates type 2 diabetes induced-Alzheimer’s disease-like altera-
tions in high-fat diet-fed mice via reactivation of blunted insulin 
signalling. Neuropharmacology 2017;113(Pt A):467-79.

15.	 Xu W, Gao L, Li T, Shao A, Zhang J. Neuroprotective role of agma-
tine in neurological diseases. Curr Neuropharmacol 2018;16:1296-
305.

16.	 Kohler SJ, Yen Y, Wolber J, Chen AP, Albers MJ, Bok R, et al. In vivo 
13 carbon metabolic imaging at 3T with hyperpolarized 13C-1-py-
ruvate. Magn Reson Med 2007;58:65-9.

17.	 Hill DK, Orton MR, Mariotti E, Boult JK, Panek R, Jafar M, et al. 
Model free approach to kinetic analysis of real-time hyperpolarized 
13C magnetic resonance spectroscopy data. PLoS One 2013;8: 
e71996.

18.	 Gui DY, Sullivan LB, Luengo A, Hosios AM, Bush LN, Gitego N, et 
al. Environment dictates dependence on mitochondrial complex 
I for NAD+ and aspartate production and determines cancer cell 



632

Agmatine Increased Lactate in the Brain of Type 2 DM Mice

https://doi.org/10.3349/ymj.2022.0554

sensitivity to metformin. Cell Metab 2016;24:716-27.
19.	 Madiraju AK, Erion DM, Rahimi Y, Zhang XM, Braddock DT, Al-

bright RA, et al. Metformin suppresses gluconeogenesis by inhib-
iting mitochondrial glycerophosphate dehydrogenase. Nature 
2014;510:542-6.

20.	 Madiraju AK, Qiu Y, Perry RJ, Rahimi Y, Zhang XM, Zhang D, et al. 
Metformin inhibits gluconeogenesis via a redox-dependent mech-
anism in vivo. Nat Med 2018;24:1384-94.

21.	 Choi YS, Lee J, Lee HS, Song JE, Kim DH, Song HT. Offset of appar-
ent hyperpolarized 13C lactate flux by the use of adjuvant metfor-
min in ionizing radiation therapy in vivo. NMR Biomed 2021;34: 
e4561.

22.	 Song J, Lee B, Kang S, Oh Y, Kim E, Kim CH, et al. Agmatine ame-
liorates high glucose-induced neuronal cell senescence by regu-
lating the p21 and p53 signaling. Exp Neurobiol 2016;25:24-32.

23.	 Zhao RZ, Jiang S, Zhang L, Yu ZB. Mitochondrial electron transport 
chain, ROS generation and uncoupling (review). Int J Mol Med 
2019;44:3-15.

24.	 Dienel GA. Lack of appropriate stoichiometry: strong evidence 
against an energetically important astrocyte-neuron lactate shut-
tle in brain. J Neurosci Res 2017;95:2103-25.

25.	 Mason S. Lactate shuttles in neuroenergetics—homeostasis, allo-
stasis and beyond. Front Neurosci 2017;11:43.

26.	 Correia S, Carvalho C, Santos MS, Proença T, Nunes E, Duarte AI, 
et al. Metformin protects the brain against the oxidative imbal-
ance promoted by type 2 diabetes. Med Chem 2008;4:358-64.

27.	 Gupta A, Bisht B, Dey CS. Peripheral insulin-sensitizer drug met-
formin ameliorates neuronal insulin resistance and Alzheimer’s-
like changes. Neuropharmacology 2011;60:910-20.

28.	 Imfeld P, Bodmer M, Jick SS, Meier CR. Metformin, other antidia-
betic drugs, and risk of Alzheimer’s disease: a population-based 
case-control study. J Am Geriatr Soc 2012;60:916-21.

29.	 Ha J, Choi DW, Kim KJ, Cho SY, Kim H, Kim KY, et al. Association 
of metformin use with Alzheimer’s disease in patients with newly 
diagnosed type 2 diabetes: a population-based nested case-con-
trol study. Sci Rep 2021;11:24069.


