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Abstract: Impaired cerebral glucose metabolism is an early event that contributes to the pathogenesis
of Alzheimer’s disease (AD). Importantly, restoring glucose availability by pharmacological agents
or genetic manipulation has been shown to protect against Aβ toxicity, ameliorate AD pathology, and
increase lifespan. Lithium, a therapeutic agent widely used as a treatment for mood disorders, has
been shown to attenuate AD pathology and promote glucose metabolism in skeletal muscle. However,
despite its widespread use in neuropsychiatric disorders, lithium’s effects on the brain have been
poorly characterized. Here we evaluated the effect of lithium on glucose metabolism in hippocampal
neurons from wild-type (WT) and APPSwe/PS1∆E9 (APP/PS1) mice. Our results showed that
lithium significantly stimulates glucose uptake and replenishes ATP levels by preferential oxidation
of glucose through glycolysis in neurons from WT mice. This increase was also accompanied by
a strong increase in glucose transporter 3 (Glut3), the major carrier responsible for glucose uptake
in neurons. Similarly, using hippocampal slices from APP-PS1 mice, we demonstrate that lithium
increases glucose uptake, glycolytic rate, and the ATP:ADP ratio in a process that also involves the
activation of AMPK. Together, our findings indicate that lithium stimulates glucose metabolism and
can act as a potential therapeutic agent in AD.

Keywords: lithium; glucose; metabolism; Alzheimer’s disease

1. Introduction

Alzheimer’s disease (AD) is the most prevalent age-related degenerative disease char-
acterized by a dramatic loss of neurons and a disruption in synaptic activity [1–3]. The
neuropathological hallmarks of AD include the extracellular deposition of amyloid plaques
and the accumulation of intracellular neurofibrillary tangles. Although the causative
mechanisms of AD remain unknown, accumulating evidence has proposed perturba-
tions of glucose metabolism as a pathological feature in AD [4,5]. Previous studies have
shown a drastic and progressive decline in the cerebral metabolic rate for glucose in AD
patients [6–8]. Importantly, this alteration in glucose hypometabolism can appear years
before the onset of symptoms and later correlates with clinical manifestations, suggesting
a potential role in disease progression [8]. Although the cause of glucose alterations in
AD patients remains unknown, several studies have reported that enhancing brain energy
metabolism has strong neuroprotective effects and alleviates symptoms in different AD
models [9–12].

For over seven decades, lithium salts have been used in psychopharmacology, espe-
cially for treating bipolar disorder and depression [13–15]. Moreover, in recent years, this
FDA-approved treatment has also been used to treat neurodegenerative diseases, such
as AD [16–18]. Indeed, numerous studies led by us and others have described lithium as
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a drug capable of attenuating AD pathology by decreasing tau phosphorylation and the
production of amyloid-β (Aβ), together with a reduction in cognitive decline [19–24]. Inter-
estingly, positron emission tomography studies using a radiolabeled glucose analog have
also shown a glucose uptake increase in several human and mouse brain regions treated
with lithium [25,26]. In contrast, other studies have shown no or negative correlation
between lithium and brain metabolism [27,28]. Thus, despite its significant use in therapy,
the precise effect of lithium on cerebral glucose metabolism remains obscure. To better
understand whether and how lithium carbonate (hereinafter lithium) could help restore
metabolic alterations in the brain, we used a primary culture of hippocampal neurons and
hippocampal slices from APP-PS1 mice to evaluate changes in glucose metabolism. Our
data showed a marked stimulation of glucose uptake and an increase in the activation of
the metabolic sensor AMP-activated protein kinase (AMPK) after lithium treatment in both
hippocampal neurons and slices. Furthermore, lithium enhanced the expression of the
neuronal glucose transporter 3 (Glut3), while promoting glucose oxidation by glycolysis,
which positively correlated with the ATP:ADP ratio. In conclusion, our study provides a
deeper mechanistic understanding of the effects of lithium on cerebral glucose metabolism
and its potential use in AD treatment.

2. Results
2.1. Lithium Stimulates Glucose Uptake in Hippocampal Neurons

To elucidate whether lithium regulates glucose metabolism, first, we followed the
uptake of glucose (14C-glucose) in hippocampal neurons treated with either 1-, 10-, or
50-mM lithium over 180 s. Our initial analysis showed no differences in glucose uptake
after 1 mM lithium treatment compared to control cells (Figure 1A,B). However, unlike
1 mM, 10 mM lithium-treated neurons exhibited a significant 87% increase in glucose uptake
rate at 180 s compared to control. Interestingly, increasing lithium concentration to 50 mM
slowed down glucose uptake compared to 10 mM treated neurons, suggesting an inhibitory
effect at high lithium concentrations [29,30]. To further characterize the effect of lithium on
glucose metabolism, we next incubated neurons with 10 mM lithium (due to the highest
observed effect) with cytochalasin B (cyt B), actin polymerization, and a potent glucose
uptake inhibitor. As expected, cyt B treatment markedly inhibited glucose uptake, even
in the presence of lithium (Figure 1C). However, neurons co-incubated with lithium and
cytochalasin E (cyt E), an analog of cyt B that does not inhibit glucose transport, restored the
levels of glucose uptake similar to lithium-treated cells. Next, we used the glucose analog
2-deoxy-D-glucose (2DG), which halts glycolysis by inhibiting hexokinase activity [31]. We
found similar glucose levels in both lithium + 2DG and 2DG treatments, indicating that the
lithium-mediated glucose uptake depends in part on the hexokinase activity. To further
study the effect of lithium on glucose transport, we also examined the kinetic properties of
glucose uptake in hippocampal neurons. We found that the Michaelis–Menten constant
(Km) increased from 9.3 nmol/106 cells to 15.3 nmol/106 cells after lithium treatment,
whereas the maximal velocity (Vmax) decreased from 7.5 nmol/106 cells in control cells to
6.9 nmol/106 cells, respectively (Figure 1D).

2.2. Lithium Promotes Glycolysis and ATP Synthesis in Hippocampal Neurons

To investigate whether the observed lithium-mediated alterations in glucose uptake
generate an effect on glucose metabolic pathways, we first determined the rate of glycolysis
in hippocampal neurons. We found a more than 4-fold increase in the rate of glycolysis in
lithium-treated cells when compared to control, an effect that was lost after the administra-
tion of the potent glycolytic inhibitor sodium dichloroacetate (DCA) (Figure 2A). To further
evaluate the effect of lithium on glycolysis, we also measured the activity of hexokinase,
which catalyzes the first control step in glycolysis. However, no changes in hexokinase
activity were observed between lithium and control neurons, whereas co-incubation of
lithium with 2DG strongly decreased its activity (Figure 2B). Once inside the cell, glucose
can also be metabolized through the pentose-phosphate pathway (PPP). Thus, next, we
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measured the rate of 14CO2 released from [1-14C] and [6-14C]. We found no significant
changes in the rate of glucose metabolized by PPP in lithium-treated neurons compared to
control, indicating that lithium promotes glycolysis without affecting the PPP (Figure 2C).
To confirm this result, we also measured the activity of glucose-6-phosphate dehydro-
genase (G6PDH), the first and rate-limiting enzyme of PPP, and the NADPH/NADP+

ratio. Our results show that the G6PDH activity was unaffected by lithium; however, the
NADPH/NADP+ ratio strongly decreased after lithium administration (Figure 2D,E).
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Figure 1. Lithium treatment promotes glucose uptake in hippocampal neurons. (A) 14C-glucose 
uptake kinetics curve of hippocampal cultures treated with increasing concentrations of lithium 
measured over 180 s. (B) 14C-glucose uptake at 180 s of (A). (C) 14C-glucose uptake competition 
assay. Hippocampal cultures were treated with 10-mM lithium in the absence or presence of 
cytochalasin B (Cyt B), cytochalasin E (Cyt E) or 2-deoxy-D-glucose (2DG). (D) Michaelis–Menten 
kinetics of hippocampal neurons incubated with 10-mM lithium and 14C-glucose for 30 min. Data 
were analyzed by nonlinear regression and the Michaelis–Menten equation was used to determine 
kinetic parameters Vmax and Km. Data plotted as means ± SEM (n ≥ 3 independent cell culture 
preparations). * p < 0.05, ** p < 0.01, and *** p < 0.001 were determined by one-way ANOVA (in 
(B,C)) or two-way ANOVA (in (A,D)) followed by Bonferroni’s post hoc test for multiple 
comparisons; ns, not significant. 
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whereas co-incubation of lithium with 2DG strongly decreased its activity (Figure 2B). 
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Figure 1. Lithium treatment promotes glucose uptake in hippocampal neurons. (A) 14C-glucose
uptake kinetics curve of hippocampal cultures treated with increasing concentrations of lithium
measured over 180 s. (B) 14C-glucose uptake at 180 s of (A). (C) 14C-glucose uptake competition assay.
Hippocampal cultures were treated with 10-mM lithium in the absence or presence of cytochalasin
B (Cyt B), cytochalasin E (Cyt E) or 2-deoxy-D-glucose (2DG). (D) Michaelis–Menten kinetics of
hippocampal neurons incubated with 10-mM lithium and 14C-glucose for 30 min. Data were analyzed
by nonlinear regression and the Michaelis–Menten equation was used to determine kinetic parameters
Vmax and Km. Data plotted as means ± SEM (n ≥ 3 independent cell culture preparations). * p < 0.05,
** p < 0.01, and *** p < 0.001 were determined by one-way ANOVA (in (B,C)) or two-way ANOVA
(in (A,D)) followed by Bonferroni’s post hoc test for multiple comparisons; ns, not significant.
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Student’s t-test (in (C–E)); ns, not significant. 

Given the increase in glycolysis, next, we evaluated whether lithium affects ATP 
synthesis. We noticed a significant 2.6-fold increase in ATP levels in lithium-treated cells 
relative to the control (Figure 3A). As expected, ATP levels strongly decreased in both 
lithium-treated and control neurons after administering the ATP synthase inhibitor 
oligomycin. In contrast to ATP, lithium caused a significant drop in ADP levels, which 
resulted in a high ATP/ADP ratio (Figure 3B,C). Previous results by our lab and others 
have described lithium as a pharmacological activator of the cellular energy sensor AMP-
activated protein kinase (AMPK) [23,32,33]. Thus, to investigate the effect of lithium on 
AMPK, we measured the levels of activated AMPK (Thr172 phosphorylation) by ELISA. 

Figure 2. Lithium alters hippocampal bioenergetic status. (A) Glycolytic flux of hippocampal
neurons treated with 10-mM lithium in the presence or absence of sodium dichloroacetate (DCA)
(B) Hexokinase activity in hippocampal neurons treated with 10-mM lithium or 2-deoxy-D-glucose
(2DG). (C) Pentose phosphate flux of hippocampal neurons treated with 10-mM lithium. (D) Glucose-
6-phosphate dehydrogenase (G6PDH) activity in hippocampal lysates treated with 10 mM lithium.
(E) NADPH/NADP+ ratio of hippocampal neurons treated with 10-mM lithium. Data plotted as
means ± SEM (n = 5 independent cell culture preparations). *** p < 0.001 were determined by
one-way ANOVA (in (A,B)) followed by Bonferroni’s post hoc test for multiple comparisons or
Student’s t-test (in (C–E)); ns, not significant.

Given the increase in glycolysis, next, we evaluated whether lithium affects ATP syn-
thesis. We noticed a significant 2.6-fold increase in ATP levels in lithium-treated cells relative
to the control (Figure 3A). As expected, ATP levels strongly decreased in both lithium-
treated and control neurons after administering the ATP synthase inhibitor oligomycin. In
contrast to ATP, lithium caused a significant drop in ADP levels, which resulted in a high
ATP/ADP ratio (Figure 3B,C). Previous results by our lab and others have described lithium
as a pharmacological activator of the cellular energy sensor AMP-activated protein kinase
(AMPK) [23,32,33]. Thus, to investigate the effect of lithium on AMPK, we measured the
levels of activated AMPK (Thr172 phosphorylation) by ELISA. As expected, the presence
of lithium significantly increased the activity of AMPK by approximately 80% compared to
control cells, while treatment with compound C (CC), an AMPK inhibitor, abolished its
activity (Figure 3D). Interestingly, co-incubating neurons with lithium and CC restored the
AMPK activity to control levels, suggesting that lithium can activate AMPK by different
mechanisms. Collectively, our results suggest that lithium promotes glucose utilization by
glycolysis, which in turn triggers ATP production without affecting the PPP.

2.3. Lithium Alters the Genetic Expression of Metabolic Genes

Next, we analyzed the effect of lithium on the expression of several genes related to
glucose metabolism in hippocampal neurons. Due to the increase in glycolysis, first we
quantified the expression levels of hexokinase and phosphofructokinase-1 (PFK-1), which
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catalyze the conversion of fructose-6-phosphate and ATP into fructose 1,6-biphosphate
and ADP. Our results showed no differences in the expression levels of either of these
enzymes in lithium-treated neurons as compared to control (Figure 4A,B). Furthermore,
and given the described effects of lithium exposure on Gluts in both skeletal muscle and
the brain, we next quantified Glut expression changes [32–34]. We found no differences
in mRNA expression of Glut1, which mediates the transport of glucose into endothelial
cells of the blood-brain barrier (Figure 4C) [35,36]. However, we observed a significant
2.6-fold increase in the expression of the neuronal transporter Glut3 after lithium treatment
(Figure 4D). Lithium has been widely described as an activator of the canonical Wnt
signaling pathway [37–39]. Thus, we also evaluated the expression levels of Cyclin-D1, an
essential Wnt target gene. Consistent with previous results, lithium treatment significantly
upregulated the expression of Cyclin-D1 when compared to untreated neurons (Figure 4E).
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Figure 3. Lithium increases ATP levels and triggers the activation of AMPKα. (A–C) ATP and ADP
levels, and ATP:ADP ratio of hippocampal lysates treated with 10-mM lithium in the presence or ab-
sence of oligomycin. (D) AMPKα activity in hippocampal neurons treated with either 10-mM lithium
or the AMPK inhibitor compound C (CC). Data plotted as means ± SEM (n = 5 independent cell
culture preparations). *** p < 0.001 were determined by one-way ANOVA followed by Bonferroni’s
post hoc test for multiple comparisons.
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Figure 4. Lithium enhances the expression of neuronal glucose transporter 3. (A–E) mRNA levels of
hexokinase (HK), phosphofructokinase-1 (PFK-1), glucose transporter 1 (Glut1), Glut3, and Cyclin D1
(relative to cyclophilin) from hippocampal lysates, measured by qPCR. Data plotted as means ± SEM
(n ≥ 4 independent cell culture preparations). *** p < 0.001 was determined by Student’s t-test; ns,
not significant.

2.4. Lithium Enhances Glycolysis and AMPK Activity in Hippocampal Slices of APP/PS1 Mice

Finally, to determine whether lithium can restore the impaired glucose homeostasis
in AD, we used hippocampal slices from APP/PS1 mice to follow changes in glucose
metabolism. Consistent with our results, the administration of lithium significantly in-
creased glucose uptake in hippocampal slices (Figure 5A). Moreover, cyt B strongly in-
hibited the uptake of glucose, even in the presence of lithium, whereas no differences
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were observed after cyt E treatment compared with untreated controls. As expected, the
uptake of glucose was also decreased after the administration of 2DG, an effect that was not
recovered by lithium. Next, to determine whether lithium can also affect glucose utilization
preference by glycolysis in hippocampal slices, we measured the glycolytic flux and hexok-
inase activity. In accordance with our results, lithium caused a significant 89% increase in
the glycolytic rate; however, this increase was reduced compared to cultured hippocampal
neurons (Figure 5B). On the other hand, and similar to our results with hippocampal
neurons, no changes were observed in the activity of hexokinase after lithium treatment
(Figure 5C). Next, we evaluated whether the increase in glycolysis affects the levels of
ATP and ADP as well as their ratio in hippocampal slices. Lithium-treated cells showed
approximately 40% higher ATP levels relative to untreated cells, whereas the presence of
oligomycin strongly lowered the ATP levels (Figure 5D). Similar to hippocampal neurons,
lithium also caused a marked reduction in ADP levels in slices than in controls, resulting
in a high ATP/ADP ratio (Figure 5E,F). Finally, and to verify the activity of AMPK in
hippocampal slices, we evaluated its activation in the presence of lithium. Consistent with
our results, we found a substantial increase in the levels of activated AMPK after lithium
treatment (Figure 5G). Conversely, samples treated with CC and lithium had a significant
reduction in AMPK activation.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 5. Lithium increases glucose uptake, ATP levels and glycolytic rate in hippocampal slices 
from APP/PS1 mice (A) Effect of 10-mM lithium on 14C-glucose uptake in hippocampal slices co-
treated with either cytochalasin B (Cyt B), cytochalasin E (Cyt E) or 2-deoxy-D-glucose (2DG). (B) 
glycolytic rate of hippocampal slices from APP/PS1 mice treated with 10-mM lithium in the presence 
or absence of sodium dichloroacetate (DCA) (C) Hexokinase activity in APP/PS1 slices treated with 
10-mM lithium or 2-deoxy-D-glucose (2DG). (D–F) ATP and ADP levels, and ATP:ADP ratio in 
hippocampal slices treated with 10-mM lithium in the presence or absence of oligomycin. (G) 
AMPKα activity in hippocampal neurons treated with either 10 mM lithium or compound C (CC). 
Data plotted as means ± SEM (n = 5 independent cell culture preparations). * p < 0.05 and *** p < 
0.001 were determined by one-way ANOVA followed by Bonferroni’s post hoc test for multiple 
comparisons. 

3. Discussion 
Among the pathological hallmarks of AD is the progressive impairment of cerebral 

metabolism [7,40,41]. This hypometabolic state, characterized mainly by a decline in 
glucose uptake, occurs several decades before clinical symptoms and correlates with 
cognitive performance [40–43]. Importantly, strategies that improve the cerebral 
metabolic rate for glucose have shown neuroprotective effects [10,44–47]. Indeed, 
recently, we reported that the use of andrographolide, a natural compound that enhances 
the transport of glucose via the Wnt pathway, was able to improve cerebral pathology and 
cognition in APP/PS1 mice [48]. Lithium has been widely used for decades as a 
psychotropic agent, especially for treating bipolar disorder and more recently for AD; 
however, its molecular mechanism remains unclear [22,49]. The data presented in this 
study shows that lithium was able to stimulate glucose metabolism by inducing the 
uptake of glucose and by enhancing the glycolytic flux, which restored ATP levels in 
hippocampal cultures (Figure 6). 

Figure 5. Lithium increases glucose uptake, ATP levels and glycolytic rate in hippocampal slices from
APP/PS1 mice (A) Effect of 10-mM lithium on 14C-glucose uptake in hippocampal slices co-treated
with either cytochalasin B (Cyt B), cytochalasin E (Cyt E) or 2-deoxy-D-glucose (2DG). (B) glycolytic
rate of hippocampal slices from APP/PS1 mice treated with 10-mM lithium in the presence or absence
of sodium dichloroacetate (DCA) (C) Hexokinase activity in APP/PS1 slices treated with 10-mM
lithium or 2-deoxy-D-glucose (2DG). (D–F) ATP and ADP levels, and ATP:ADP ratio in hippocampal
slices treated with 10-mM lithium in the presence or absence of oligomycin. (G) AMPKα activity
in hippocampal neurons treated with either 10 mM lithium or compound C (CC). Data plotted
as means ± SEM (n = 5 independent cell culture preparations). * p < 0.05 and *** p < 0.001 were
determined by one-way ANOVA followed by Bonferroni’s post hoc test for multiple comparisons.
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3. Discussion

Among the pathological hallmarks of AD is the progressive impairment of cerebral
metabolism [7,40,41]. This hypometabolic state, characterized mainly by a decline in glu-
cose uptake, occurs several decades before clinical symptoms and correlates with cognitive
performance [40–43]. Importantly, strategies that improve the cerebral metabolic rate for
glucose have shown neuroprotective effects [10,44–47]. Indeed, recently, we reported that
the use of andrographolide, a natural compound that enhances the transport of glucose
via the Wnt pathway, was able to improve cerebral pathology and cognition in APP/PS1
mice [48]. Lithium has been widely used for decades as a psychotropic agent, especially
for treating bipolar disorder and more recently for AD; however, its molecular mechanism
remains unclear [22,49]. The data presented in this study shows that lithium was able to
stimulate glucose metabolism by inducing the uptake of glucose and by enhancing the
glycolytic flux, which restored ATP levels in hippocampal cultures (Figure 6).
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Figure 6. Schematic model for the action mechanism of lithium. Once internalized, lithium results in
the activation of the canonical Wnt signaling pathway, promoting AMPK activation. Both AMPK
and the Wnt pathway activation can trigger the upregulation of neuronal Glut3, resulting in glucose
metabolism restoration by the stimulation of glucose uptake, increased glycolysis, and elevated ATP
levels. Dashed lines indicate the participation of several proteins.

Consistent with previous results, lithium caused a significant increase in the uptake
of glucose, which once internalized, was preferentially oxidized via glycolysis, resulting
in a higher ATP/ADP ratio in hippocampal cultures. A lithium-dependent rise in glucose
uptake and glycolysis in the brains of rodents has been described previously [25,50,51]. Sim-
ilarly, a few studies have also described a positive effect of lithium on glucose metabolism
in the human brain. For example, lithium has been shown to increase glucose utiliza-
tion in several brain areas [26]. Moreover, using positron emission tomography, Kohno
and co-workers also observed an increase in cerebral glucose metabolism in the bilateral
dorsomedial frontal cortices after 4 weeks of lithium carbonate treatment in healthy sub-
jects, while there was a decrease in the right cerebellum [52]. However, using the same
technique, a more recent study found that four years of lithium chloride administration
in older patients causes a reduction in glucose metabolism in both hippocampus and
cerebellum [27].

Although lithium appears to enhance glycolysis, its effects on ATP have been ambigu-
ous. For example, lithium has been shown to positively or negatively modulate ATP syn-
thesis in different tissues [53–55]. These confounding results can be explained by lithium’s
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ability to bind the Mg2+-ATP complex, an association that can act in a tissue-dependent
manner [56,57].

Intriguingly, lithium’s treatment did not cause changes in either the PPP flux or in
the G6PDH activity; however, we observed a strong reduction in the NADPH/NADP+

ratio (Figure 2C–E). To our knowledge, there are no studies assessing the direct effect of
lithium on the PPP; nevertheless, its effects on the mitochondrial electron transport chain
have been reported previously. Indeed, lithium was shown to promote the activity of three
respiratory chain enzymes, complexes I, II, and III in the human frontal cortex [58,59]. Thus,
it is possible that lithium altered mitochondrial homeostasis, which caused changes in the
NADPH/NADP+ ratio [60].

Although the exact molecular mechanisms through which lithium act in the brain re-
main to be elucidated, several direct targets and intracellular pathways have been described
in other tissues. For example, the upregulation of glucose metabolism promoted by lithium
has been extensively shown in skeletal muscle and adipose tissue, through a process that
seems to involve Glut4 translocation to the plasma membrane and/or prevent its internal-
ization [32,61–64]. An increase in glucose transport by the upregulation of several other
Gluts, including Glut3, has also been reported in the liver and muscle [65]. In addition
to glucose transport, lithium has also been shown to inhibit glycogen synthase kinase-3
(GSK-3) and to increase the levels of glycogen synthase, a key enzyme in glycogenesis
in skeletal muscle, adipocytes, and hepatocytes [25,64,66–69]. In the brain, lithium has
also been shown to inhibit GSK-3 activity through direct and indirect mechanisms, pro-
moting neurogenesis and producing neuroprotective effects [70–72]. Importantly, GSK-3β
inhibition has been implicated in the control of glucose metabolism through indirect mech-
anisms [73]. Among them is AMPK, a central node in the cellular metabolism, which under
anabolic stimuli is phosphorylated by GSK-3 on the α-subunit, causing a conformational
change that renders AMPK inactive [74,75]. In addition, the inactivation of GSK-3β has also
been shown to play a crucial role in the activation of the Wnt signaling pathway [76,77].
Importantly, the activation of this pathway has been shown to enhance the activity of sev-
eral enzymes that regulate glucose metabolism, including hexokinase and PFK-1, together
with the expression of Glut1 and 3 [12,78–80]. Thus, the observed increase in both AMPK
activity and Cyclin D mRNA expression in our hippocampal cultures could be a result
of a GSK-3 inhibition mediated by lithium [23,81]. Notably, GSK-3 has been found to be
hyperactivated in the brains of AD patients, further validating the use of lithium to regulate
this enzyme in AD [82].

Contrarily, several studies have reported negative or no results after lithium treat-
ment [70]. In one study, Hampel and coworkers tested the effect of lithium in patients
with mild AD over a 10-week period [83]. However, the authors did not find significant
changes in any of the AD pathological markers tested in plasma or cerebrospinal fluid
(CSF). It is worth noting that CSF and plasma do not necessarily reflect changes in the
brain, thus these results have to be considered carefully [84]. In addition, no effects were
observed in either GSK3 activity, a lithium effector, or cognitive performance. The authors
explained their negative results to the short time period of the treatment. Similarly, in a
different study, Macdonald and colleagues treated patients with mild to moderate AD with
lithium [18]. The authors reported no changes in a questionnaire test used to evaluate
cognitive impairment, possibly due to the late stage of the patients. More recently, Forlenza
and coworkers tested the long-term effects of lithium in patients with amnestic mild cogni-
tive impairment [85]. Interestingly, they observed a significant decrease in phosphorylated
tau, an effect that has been widely validated [86–88].

In summary, we showed that lithium restored energy homeostasis by enhancing
neuronal glucose uptake and AMPK activity and by replenishing ATP stores through a
process that seems to favor glycolysis in hippocampal cultures from both WT and APP/PS1
mice. Mounting evidence supports early glucose alterations as a contributing factor to AD.
However, to elucidate the pathogenesis and progression of AD, it is critical to understand
the mechanisms that lead to a metabolic imbalance [8,12]. Our study suggests the involve-
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ment of Wnt signaling in the regulation of glucose metabolism, yet further analyses are
needed to fully characterize the metabolic etiology of AD. Moreover, although our study
supports the use of lithium to restore glucose metabolism in vitro, more comprehensive
in-vivo longitudinal studies that assess cognitive and behavioral changes are needed to
validate the effect of lithium. Similarly, the use of different models that recapitulate other
pathological features and represent the vast proportion of AD cases is critical to assessing
the potential of novel therapeutic approaches, such as lithium [89–91]. In conclusion, these
results build toward a bigger understanding of lithium’s therapeutic action and offer a
potential intervention to restore glucose metabolism in AD.

4. Materials and Methods
4.1. Animals

Eight-month-old male APPswe/PS1dE9 (APP/PS1) mice (#034832-JAX) and two-
month-old female adult Sprague-Dawley pregnant rats were used in this study (a total of
24 animals, 12 APP/PS1, and 12 WT). Embryo donor females were arbitrarily chosen by
the animal facility at Pontificia Universidad Católica de Chile. Animals were maintained
at the animal facility of Pontificia Universidad Católica de Chile under a sanity barrier in
ventilated racks and in closed colonies. The animals were kept under standard cage density
conditions and had access to food and water ad libitum. To avoid animal suffering, the
animals were reviewed by technical personnel every day to look for evidence of distress
(National Institutes of Health tables of supervision). Animals were randomly allocated
to experimental groups. All animal work was approved by the bioethical and biosafety
committee of the Faculty of Biological Sciences of Pontificia Universidad Católica de Chile
(ethical approval CBB-158/2014). The inclusion/exclusion criteria for this study were the
health and body weight of the animals. No animals had to be excluded from this study.

4.2. Primary Hippocampal Neuronal Cultures

Primary hippocampal cultures were prepared from rat embryos at embryonic day
17.5, obtained from adult female Sprague-Dawley rats. Briefly, pregnant females were
euthanized by decapitation following asphyxiation by isoflurane, a widely used volatile
anesthetic agent, and the brains from embryos were removed post-mortem. Hippocampi
were then removed and dissected in ice-cold PBS under a dissection microscope, mechani-
cally triturated with scissors, and trypsinized (1%) for 10 min at 37 ◦C. Pooled hippocampal
cells were then further disrupted by resuspension using the pipette and centrifuged at
300× g for 1 min. The neuronal cultures were plated on poly-L-lysine coated plates in
low glucose Dulbecco’s Modified Eagle’s Medium (DMEM) for 30 min at 37 ◦C with
5% CO2, and the medium was then substituted for Neurobasal medium supplemented
with B27 (#17504044, Gibco, Carlsbad, CA, USA), streptomycin (100 U/mL) and penicillin
(100 U/mL). Cultures were used after 14 days in vitro. To test for neuronal enrichment
(>95% neuronal cells present in cell cultures), we selected cultures randomly and ana-
lyzed by immunofluorescence using MAP2 (neuronal marker) and GFAP (glial marker), as
described previously [32,92,93].

4.3. Hippocampal Slices Preparation

Hippocampal slices were prepared as previously described [94]. Briefly, transverse
slices (350 µm) from the dorsal hippocampus were sectioned in cold artificial cerebrospinal
fluid (119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCl, 1 mM NaH2PO4, 1.3 mM MgCl2,
10 mM glucose, 2.5 mM CaCl2) and incubated in artificial cerebrospinal fluid for 1 h at
22 ◦C before use.

4.4. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from hippocampal neurons using TRIzol, following the man-
ufacturer’s protocol. RNA sample concentrations were determined at 260 nm absorbance
using a spectrophotometer. RNA integrity was verified on a denaturing agarose gel. The
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500 ng of total RNA was used for cDNA synthesis using Superscript IV random primers,
according to the manufacturer’s instructions. Quantitative real-time RT–PCR (qRT–PCR)
was conducted using SYBR master mix (#4385612, Life Technologies) and 18S mRNA
as a control, according to the manufacturer’s instructions, as described previously [95].
As a housekeeping gene, we used cyclophilin, and the values were calculated using the
delta Ct and normalized to those of the control gene. Duplicate control reactions for ev-
ery sample without reverse transcription were included to ensure that the PCR products
were not due to amplification of contaminant genomic DNA. We used the following sets
of primers: 18S gene, forward 5′-TCAACGAGGAATGCCTAGTAAGC-3′ and reverse 5′-
ACAAAGGGCAGGGACGTAGTC-3′; cyclophilin, forward 5′-TGGAGATGAATCTGTAGG
AGGAG-3′ and reverse 5′-TACCACATCCATGCCCTCTAGAA-3′; Glut1, forward 5′-ATGG
ATCCCAGCAGCAAGAAG-3′ and reverse 5′-AGAGACCAAAGCGTGGTGAG-3′; Glut3,
forward 5′-GGATCCCTTGTCCTTCTGCTT-3′ and reverse 5′-ACCAGTTCCCAATGCACA
CA-3′; hexokinase-1, forward 5′-GGATGGGAACTCTCCCCTG-3′ and reverse 5′-GCATAC
GTGCTGGACCGATA-3′; phosphofructokinase-1, forward 5′-AGGGCCTTGTCATCATTGG
G-3′ and reverse 5′-ACTGCTTCCTGCCTTCCATC-3′; Cyclin D1-S: 5′-AAAATGCCAGAGG
CGGATGA-3′, Cyclin D1-AS: 5′GCAGTCCGGGTCACACTTG-3′. Data were analyzed
using the comparative ∆CT method, as previously described [96].

4.5. Glucose Uptake Analysis

As previously described, hippocampal cultures were treated with either Li2CO3 (here-
inafter lithium, 1–50 mM, (#255823, Sigma-Aldrich, St. Louis, MO, USA), cytochalasin B
(Cyt B, 20 µM, #14930-96-2, Sigma-Aldrich), 2-deoxy-D-glucose (2-DG, 7 mM, #154-17-6,
Sigma-Aldrich) or cytochalasin E (Cyt E, 20 µM, #C2149, Sigma-Aldrich) for 15 min and
washed with incubation buffer (15 mM HEPES, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2,
and 0.8 mM MgCl2) [92]. Cultures were then incubated for 0–180 s with 1–1.2 µCi 14C-
glucose (D-[1-14C] glucose, #NEC043X, Perkin-Elmer, Waltham, MA, USA) at a final specific
activity of 1–3 disintegrations/min/pmol (~1 mCi/mmol). Glucose uptake was then ar-
rested with detention buffer (add 0.2 mM HgCl2 to incubation buffer (pH 7.4)) and cultures
were lysed in 1 mL of lysis buffer (10 mM Tris-HCL and 0.2% SDS, pH 8.0). In total, 3 mL
of scintillating solution (#LS-270, National Diagnostics, Atlanta, GA, USA) were added to
the cell lysates and radioactivity was measured using a liquid scintillation counter (TriCarb
2900TR analyzer).

4.6. Determination of the Glycolytic Rate

Glycolytic rates were determined as previously described [92,93]. Hippocampal cul-
tures were treated with lithium (10 mM) or sodium dichloroacetate (DCA, 5 mM, # 347795,
Sigma-Aldrich, St. Louis, MO, USA) for 15 min. Hippocampal lysates were then placed
in tubes containing 5 mM glucose and then washed twice in Krebs–Henseleit solution
(11 mM Na2HPO4, 122 mM NaCl, 3.1 mM KCl, 0.4 mM KH2PO4, 1.2 mM MgSO4, and
1.3 mM CaCl2, pH 7.4) containing the appropriate concentration of glucose. After equili-
bration in 0.5 mL of Hank’s balanced salt solution/glucose at 37 ◦C for 10 min, 0.5 mL of
Hank’s balanced salt solution containing various concentrations of [3-3H] glucose (#NET331,
Perkin-Elmer, Waltham, MA, USA), was added, with a final specific activity of 1–3 disinte-
grations/min/pmol (~1 mCi/mmol). Aliquots of 100 µL were then transferred to another
tube, placed inside a capped scintillation vial containing 0.5 mL of water, and incubated at
45 ◦C for 48 h. After this vapor-phase equilibration step, the tube was removed from the
vial, a scintillation mixture was added, and the 3H2O content was measured by counting
over a 5-min period. Glycolytic rates were determined by measuring the rate of 3H2O
production from D-[3-3H] glucose.

4.7. Hexokinase (HK) Activity

Hippocampal cultures were treated with lithium (10 mM) or 2-deoxy-D-glucose (2-DG,
7 mM, #154-17-6, Sigma-Aldrich, St. Louis, MO, USA) for 30 min, and cultures were
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washed with PBS, treated with trypsin/EDTA, and centrifuged at 500× g for 5 min at 4 ◦C.
Lysates were then resuspended in isolation medium (250 mM sucrose, 20 mM HEPES,
10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM DTT, 2 mg/mL aprotinin [#A1153, Sigma-
Aldrich, St. Louis, MO, USA], 1 mg/mL pepstatin A [#77170, Sigma-Aldrich], and 2 mg/mL
leupeptin [(#L8511, Sigma-Aldrich, St. Louis, MO, USA]) at a 1:3 dilution, sonicated at 4 ◦C,
and then centrifuged at 1500× g for 5 min at 4 ◦C. The HK activity of the supernatant was
quantified. For the assay, the purified fraction was mixed with the reaction medium (25 mM
Tris-HCl, 1 mM DTT, 0.5 mM NADP/Na+, 2 mM MgCl2, 1 mM ATP, 2 U/mL G6PDH,
and 10 mM glucose), and the mixture was incubated at 37 ◦C for 30 min. The reaction was
stopped by the addition of 10% trichloroacetic acid (TCA, #T6399, Sigma-Aldrich, St. Louis,
MO, USA), and the generation of NADPH was measured at 340 nm.

4.8. Quantification of ATP, ADP and NADPH/NADP+

Hippocampal cultures were treated with lithium (10 mM) or oligomycin A (50 µM,
#75351, Sigma-Aldrich) for 30 min. The cellular ATP (#A22066, Invitrogen) and ADP
(#ab83359, Abcam) levels were measured in slices as previously described using an assay
kit according to the manufacturer’s instructions [12,45]. The NADPH/NADP+ ratio was
measured using a commercial colorimetric assay (#MAK038, Sigma-Aldrich, St. Louis, MO,
USA), according to the manufacturer’s instructions, as described previously [97].

4.9. AMPKα Activity

Hippocampal cultures were treated with lithium (10 mM) or compound C (CC, 10 µM,
#P5499) for 30 min. Active (phospho-T172) AMPK was then measured using the AMPK al-
pha phospho human ELISA kit (KHO0651, Thermo Fisher, Waltham, MA, USA), according
to the manufacturer’s instructions and as described previously [98–100].

4.10. Pentose Phosphate Pathway Measurements

Glucose oxidation via the PPP was measured as previously described based on the dif-
ference in 14CO2 production from [1-14C] glucose (decarboxylated in the 6-phosphogluconate
dehydrogenase-catalyzed reaction and in the Krebs cycle) and [6-14C] glucose (decarboxy-
lated only in the Krebs cycle) [92]. Hippocampal neurons were treated with lithium (10 mM)
for 30 min, washed with ice-cold PBS, and collected by trypsinization. The lysates were
then resuspended in O2-saturated Krebs–Henseleit buffer and 500 µL of this suspension
(~106 cells) were placed in Erlenmeyer flasks with another 0.5 mL of Krebs–Henseleit solu-
tion containing 0.5 µCi D-[1-14C] glucose or 2 µCi D-[6-14C] glucose and 5.5 mM D-glucose
(final concentration). The Erlenmeyer flasks were equipped with a central well containing
an Eppendorf tube with 500 µL of benzethonium hydroxide. The flasks were flushed with
O2 for 20 s, sealed with rubber caps, and incubated for 60 min in a 37 ◦C water bath with
shaking. The incubations were stopped by the addition of 0.2 mL of 1.75 M HClO4 into the
main well, and shaking was continued for another 20 min to facilitate the trapping of 14CO2
by benzethonium hydroxide. Radioactivity was quantified as previously described by
liquid scintillation spectrometry [93,101]. Both D-[1-14C] glucose (#NEC043) and D-[1-16C]
glucose (#NEC045) were purchased from Perkin-Elmer.

4.11. Determination of G6PDH Activity

Slices or neurons were washed with PBS, collected by trypsinization (0.25% trypsin-
0.2% EDTA (w/v)), and pelleted. The cultures were then resuspended in isolation medium
(250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM DTT,
2 mg/mL aprotinin, 1 mg/mL pepstatin A, and 2 mg/mL leupeptin) at a 1:3 dilution,
sonicated at 4 ◦C, and centrifuged for 5 min at 1500× g at 4 ◦C. Subsequently, the pellet was
discarded, and the supernatant was further separated by centrifugation at 13,000× g for
30 min at 4 ◦C. Finally, the G6PDH activity of the supernatant was quantified in a reaction
buffer containing 1 mM ATP and 10 mM glucose-6-phosphate (G6P) for 30 min at 37 ◦C.
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The reaction was stopped by the addition of 10% TCA. The generation of NADPH was
measured at 340 nm, as described previously [102].

4.12. Statistical Analysis

All experiments were performed 3–5 times (biological replicates), with triplicates of
each condition in each experimental run. The results are expressed as the mean ± SEM.
Data were analyzed by either Student’s t-test, one-way or two-way ANOVA, depending on
the experimental design followed by a posterior Bonferroni’s test for multiple comparisons.
Statistical analysis was performed using the software Prism9 version 9.1.1. (GraphPad,
La Jolla, CA, USA). Differences were considered significant when * p < 0.05, ** p < 0.01 and
*** p < 0.001.
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2-Deoxy-D-Glucose and its analogs: From diagnostic to therapeutic agents. Int. J. Mol. Sci. 2020, 21, 234. [CrossRef] [PubMed]
32. Jung, S.; Koh, J.; Kim, S.; Kim, K. Effect of lithium on the mechanism of glucose transport in skeletal muscles. J. Nutr. Sci. Vitaminol.

2017, 63, 365–371. [CrossRef]
33. Tabata, I.; Schluter, J.; Gulve, E.A.; Holloszy, J.O. Lithium increases susceptibility of muscle glucose transport to stimulation by

various agents. Diabetes 1994, 43, 903–907. [CrossRef]
34. Leroy, C.; Pierre, K.; Simpson, I.A.; Pellerin, L.; Vannucci, S.J.; Nehlig, A. Temporal changes in mRNA expression of the brain

nutrient transporters in the lithium-pilocarpine model of epilepsy in the immature and adult rat. Neurobiol. Dis. 2011, 43, 588–597.
[CrossRef] [PubMed]

35. Maher, F.; Simpson, I.A. Modulation of expression of glucose transporters GLUT3 and GLUT1 by potassium and N-methyl-d-
aspartate in cultured cerebellar granule neurons. Mol. Cell Neurosci. 1994, 5, 369–375. [CrossRef]

36. Szablewski, L. Glucose Transporters in Brain: In Health and in Alzheimer’s Disease. J. Alzheimer’s Dis. 2017, 55, 1307–1320.
[CrossRef] [PubMed]

37. Xia, M.Y.; Zhao, X.Y.; Huang, Q.L.; Sun, H.Y.; Sun, C.; Yuan, J.; He, C.; Sun, Y.; Huang, X.; Kong, W.; et al. Activation of
Wnt/β-catenin signaling by lithium chloride attenuates d-galactose-induced neurodegeneration in the auditory cortex of a rat
model of aging. FEBS Open Bio 2017, 7, 759–776. [CrossRef] [PubMed]

http://doi.org/10.1111/jnc.14608
http://www.ncbi.nlm.nih.gov/pubmed/30300917
http://doi.org/10.1038/nature15526
http://www.ncbi.nlm.nih.gov/pubmed/26524527
http://doi.org/10.1007/s40263-013-0039-0
http://www.ncbi.nlm.nih.gov/pubmed/23371914
http://doi.org/10.1016/S0140-6736(70)92870-9
http://doi.org/10.1016/j.neulet.2021.136044
http://doi.org/10.1002/gps.1964
http://doi.org/10.3233/JAD-150437
http://doi.org/10.1074/jbc.272.40.25326
http://doi.org/10.1002/alz.054807
http://doi.org/10.3233/JAD-190862
http://doi.org/10.1038/mp.2009.72
http://doi.org/10.1073/pnas.0500466102
http://doi.org/10.2174/156720501102140313145704
http://doi.org/10.1159/000154478
http://www.ncbi.nlm.nih.gov/pubmed/18781089
http://doi.org/10.1021/cn5000315
http://doi.org/10.3181/00379727-187-42628
http://www.ncbi.nlm.nih.gov/pubmed/3340615
http://doi.org/10.1186/s12868-015-0222-y
http://doi.org/10.3390/ijms21031169
http://doi.org/10.3390/ijms21010234
http://www.ncbi.nlm.nih.gov/pubmed/31905745
http://doi.org/10.3177/jnsv.63.365
http://doi.org/10.2337/diab.43.7.903
http://doi.org/10.1016/j.nbd.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21624469
http://doi.org/10.1006/mcne.1994.1044
http://doi.org/10.3233/JAD-160841
http://www.ncbi.nlm.nih.gov/pubmed/27858715
http://doi.org/10.1002/2211-5463.12220
http://www.ncbi.nlm.nih.gov/pubmed/28593132


Int. J. Mol. Sci. 2022, 23, 8733 14 of 16

38. Hedgepeth, C.M.; Conrad, L.J.; Zhang, J.; Huang, H.C.; Lee, V.M.Y.; Klein, P.S. Activation of the Wnt signaling pathway:
A molecular mechanism for lithium action. Dev. Biol. 1997, 185, 82–91. [CrossRef] [PubMed]

39. Clément-Lacroix, P.; Ai, M.; Morvan, F.; Roman-Roman, S.; Vayssière, B.; Belleville, C.; Estrera, K.; Warman, M.L.; Baron, R.;
Rawadi, G. Lrp5-independent activation of Wnt signaling by lithium chloride increases bone formation and bone mass in mice.
Proc. Natl. Acad. Sci. USA 2005, 102, 17406–17411. [CrossRef]

40. Mosconi, L.; Mistur, R.; Switalski, R.; Tsui, W.H.; Glodzik, L.; Li, Y.; Pirraglia, E.; De Santi, S.; Reisberg, B.; Wisniewski, T.; et al.
FDG-PET changes in brain glucose metabolism from normal cognition to pathologically verified Alzheimer’s disease. Eur. J. Nucl.
Med. Mol. Imaging 2009, 36, 811–822. [CrossRef]

41. Dukart, J.; Kherif, F.; Mueller, K.; Adaszewski, S.; Schroeter, M.L.; Frackowiak, R.S.J.; Draganski, B. Generative FDG-PET and MRI
Model of Aging and Disease Progression in Alzheimer’s Disease. PLoS Comput. Biol. 2013, 9, e1002987. [CrossRef] [PubMed]

42. Small, G.W.; Ercoli, L.M.; Silverman, D.H.S.; Huang, S.C.; Komo, S.; Bookheimer, S.Y.; Lavretsky, H.; Miller, K.; Siddarth, P.;
Rasgon, N.L.; et al. Cerebral metabolic and cognitive decline in persons at genetic risk for Alzheimer’s disease. Proc. Natl. Acad.
Sci. USA 2000, 97, 6037–6042. [CrossRef]

43. Toppala, S.; Ekblad, L.L.; Viitanen, M.; Rinne, J.O.; Jula, A. Oral glucose tolerance test predicts episodic memory decline: A 10-year
population-based follow-up study. Diabetes Care 2021, 44, 2435–2437. [CrossRef]

44. Winkler, E.A.; Nishida, Y.; Sagare, A.P.; Rege, S.V.; Bell, R.D.; Perlmutter, D.; Sengillo, J.D.; Hillman, S.; Kong, P.; Nelson, A.R.; et al.
GLUT1 reductions exacerbate Alzheimer’s disease vasculoneuronal dysfunction and degeneration. Nat. Neurosci. 2015, 18,
521–530. [CrossRef] [PubMed]

45. Cisternas, P.; Oliva, C.A.; Torres, V.I.; Barrera, D.P.; Inestrosa, N.C. Presymptomatic treatment with andrographolide improves
brain metabolic markers and cognitive behavior in a model of early-onset alzheimer’s disease. Front. Cell Neurosci. 2019, 13, 295.
[CrossRef]

46. Gejl, M.; Gjedde, A.; Egefjord, L.; Møller, A.; Hansen, S.B.; Vang, K.; Rodell, A.; Brændgaard, H.; Gottrup, H.; Schacht, A.; et al.
In Alzheimer’s disease, 6-month treatment with GLP-1 analog prevents decline of brain glucose metabolism: Randomized,
placebo-controlled, double-blind clinical trial. Front. Aging Neurosci. 2016, 8, 108. [CrossRef]

47. Gherardelli, C.; Cisternas, P.; Gutiérrez, J.; Martinez, M.; Inestrosa, N.C. Andrographolide restores glucose uptake in rat
hippocampal neurons. J. Neurochem. 2020, 8, 108. [CrossRef]

48. Gherardelli, C.; Cisternas, P.; Vera-Salazar, R.F.; Mendez-Orellana, C.; Inestrosa, N.C. Age- and Sex-Associated Glucose Metabolism
Decline in a Mouse Model of Alzheimer’s Disease. J. Alzheimer Dis. 2022, 87, 901–917. [CrossRef]

49. Shorter, E. The history of lithium therapy. Bipolar Disord. 2009, 11, 4–9. [CrossRef]
50. Plenge, P. Lithium effects on rat brain glucose metabolism in vivo. Effects after administration of lithium by various routes.

Psychopharmacology 1982, 77, 348–355. [CrossRef]
51. Plenge, P. Acute lithium effects on rat brain glucose metabolism in vivo. Int. Pharm. 1976, 11, 84–92. [CrossRef]
52. Kohno, T.; Shiga, T.; Toyomaki, A.; Kusumi, I.; Matsuyama, T.; Inoue, T.; Katoh, C.; Koyama, T.; Tamaki, N. Effects of lithium on

brain glucose metabolism in healthy men. J. Clin. Psychopharmacol. 2007, 27, 698–702. [CrossRef]
53. Salimi, A.; Gholamifar, E.; Naserzadeh, P.; Hosseini, M.J.; Pourahmad, J. Toxicity of lithium on isolated heart mitochondria and

cardiomyocyte: A justification for its cardiotoxic adverse effect. J. Biochem. Mol. Toxicol. 2017, 31, e21836. [CrossRef]
54. Struewing, I.T.; Barnett, C.D.; Tang, T.; Mao, C.D. Lithium increases PGC-1α expression and mitochondrial biogenesis in primary

bovine aortic endothelial cells. FEBS J. 2007, 274, 2749–2765. [CrossRef]
55. Rizak, J.D. The Inhibition of ATP Production by Lithium: A Preliminary Study in Whole Mitochondria from Rat Brain and a

Putative Model for Bipolar Disorder. Ann. Psychiatry Ment. Health 2014, 2, 1014.
56. Dudev, T.; Grauffel, C.; Lim, C. How native and alien metal cations bind ATP: Implications for lithium as a therapeutic agent.

Sci. Rep. 2017, 7, srep42377. [CrossRef]
57. Briggs, K.T.; Giulian, G.G.; Li, G.; Kao, J.P.Y.; Marino, J.P. A Molecular Model for Lithium’s Bioactive Form. Biophys. J. 2016, 111,

294–300. [CrossRef]
58. Maurer, I.C.; Schippel, P.; Volz, H.P. Lithium-induced enhancement of mitochondrial oxidative phosphorylation in human brain

tissue. Bipolar Disord. 2009, 11, 515–522.
59. Osete, J.R.; Akkouh, I.A.; de Assis, D.R.; Szabo, A.; Frei, E.; Hughes, T.; Smeland, O.B.; Steen, N.E.; Andreassen, O.A.; Djurovic, S.

Lithium increases mitochondrial respiration in iPSC-derived neural precursor cells from lithium responders. Mol. Psychiatry 2021,
26, 6789–6805. [CrossRef]

60. Rydström, J. Mitochondrial NADPH, transhydrogenase and disease. Biochim. Biophys. Acta Bioenerg. 2006, 1757, 721–726.
[CrossRef]

61. Haugaard, E.S.; Mickel, R.A.; Haugaard, N. Actions of lithium ions and insulin on glucose utilization, glycogen synthesis and
glycogen synthase in the isolated rat diaphragm. Biochem. Pharm. 1974, 23, 1675–1685. [CrossRef]

62. Cheng, K.; Creacy, S.; Larner, J. “Insulin-like” effects of lithium ion on isolated rat adipocytes I. Stimulation of glycogenesis
beyond glucose transport. Mol. Cell Biochem. 1983, 56, 177–182. [CrossRef]

63. Macko, A.R.; Beneze, A.N.; Teachey, M.K.; Henriksen, E.J. Roles of insulin signalling and p38 MAPK in the activation by lithium
of glucose transport in insulin-resistant rat skeletal muscle. Arch. Physiol. Biochem. 2008, 114, 331–339. [CrossRef] [PubMed]

64. Fürnsinn, C.; Noe, C.; Herdlicka, R.; Roden, M.; Nowotny, P.; Leighton, B.; Waldhäusl, W. More marked stimulation by lithium
than insulin of the glycogenic pathway in rat skeletal muscle. Am. J. Physiol. 1997, 273, E514–E520. [CrossRef]

http://doi.org/10.1006/dbio.1997.8552
http://www.ncbi.nlm.nih.gov/pubmed/9169052
http://doi.org/10.1073/pnas.0505259102
http://doi.org/10.1007/s00259-008-1039-z
http://doi.org/10.1371/journal.pcbi.1002987
http://www.ncbi.nlm.nih.gov/pubmed/23592957
http://doi.org/10.1073/pnas.090106797
http://doi.org/10.2337/dc21-0042
http://doi.org/10.1038/nn.3966
http://www.ncbi.nlm.nih.gov/pubmed/25730668
http://doi.org/10.3389/fncel.2019.00295
http://doi.org/10.3389/fnagi.2016.00108
http://doi.org/10.1111/jnc.15229
http://doi.org/10.3233/JAD-215273
http://doi.org/10.1111/j.1399-5618.2009.00706.x
http://doi.org/10.1007/BF00432769
http://doi.org/10.1159/000468216
http://doi.org/10.1097/jcp.0b013e31815a23c2
http://doi.org/10.1002/jbt.21836
http://doi.org/10.1111/j.1742-4658.2007.05809.x
http://doi.org/10.1038/srep42377
http://doi.org/10.1016/j.bpj.2016.06.015
http://doi.org/10.1038/s41380-021-01164-4
http://doi.org/10.1016/j.bbabio.2006.03.010
http://doi.org/10.1016/0006-2952(74)90394-3
http://doi.org/10.1007/BF00227218
http://doi.org/10.1080/13813450802536067
http://www.ncbi.nlm.nih.gov/pubmed/19023684
http://doi.org/10.1152/ajpendo.1997.273.3.E514


Int. J. Mol. Sci. 2022, 23, 8733 15 of 16

65. Bai, S.; Pan, S.; Zhang, K.; Ding, X.; Wang, J.; Zeng, Q.; Xuan, Y.; Su, Z. Long-term effect of dietary overload lithium on the glucose
metabolism in broiler chickens. Environ. Toxicol. Pharm. 2017, 54, 191–198. [CrossRef]

66. Klein, P.S.; Melton, D.A. A molecular mechanism for the effect of lithium on development. Proc. Natl. Acad. Sci. USA 1996, 93,
8455–8459. [CrossRef]

67. Bosch, F.; Gomez-Foix, A.M.; Arino, J.; Guinovart, J.J. Effects of lithium ions on glycogen synthase and phosphorylase in rat
hepatocytes. Biol. Chem. 1986, 261, 16927–16931. [CrossRef]

68. Summers, S.A.; Kao, A.W.; Kohn, A.D.; Backus, G.S.; Roth, R.A.; Pessin, J.E.; Birnbaum, M.J. The role of glycogen synthase kinase
3β in insulin-stimulated glucose metabolism. J. Biol. Chem. 1999, 274, 17934–17940. [CrossRef]

69. Jope, R.S. Lithium and GSK-3: One inhibitor, two inhibitory actions, multiple outcomes. Trends Pharm. Sci. 2003, 24, 441–443.
[CrossRef]

70. Forlenza, O.V.; De-Paula, V.J.R.; Diniz, B.S.O. Neuroprotective effects of lithium: Implications for the treatment of Alzheimer’s
disease and related neurodegenerative disorders. ACS Chem. Neurosci. 2014, 5, 443–450. [CrossRef]

71. Chuang, D.-M.; Wang, Z.; Chiu, C.-T. GSK-3 as a Target for Lithium-Induced Neuroprotection Against Excitotoxicity in Neuronal
Cultures and Animal Models of Ischemic Stroke. Mol. Neurosci. 2011, 4, 15. [CrossRef] [PubMed]

72. Valvezan, A.J.; Klein, P.S. GSK-3 and Wnt signaling in neurogenesis and bipolar disorder. Front. Mol. Neurosci. 2012, 5, 1.
[CrossRef] [PubMed]

73. Papadopoli, D.; Pollak, M.; Topisirovic, I. The role of GSK3 in metabolic pathway perturbations in cancer. Biochim. Biophys.
Acta Mol. Cell Res. 2021, 1868, 119059. [CrossRef]

74. Suzuki, T.; Bridges, D.; Nakada, D.; Skiniotis, G.; Morrison, S.J.; Lin, J.; Saltiel, A.R.; Inoki, K. Inhibition of AMPK catabolic action
by GSK3. Mol. Cell 2013, 50, 407–419. [CrossRef]

75. Herzig, S.; Shaw, R.J. AMPK: Guardian of metabolism and mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 2018, 19, 121–135.
[CrossRef]

76. Wu, D.; Pan, W. GSK3: A multifaceted kinase in Wnt signaling. Trends Biochem. Sci. 2010, 35, 161–168. [CrossRef] [PubMed]
77. Ríos, J.A.; Godoy, J.A.; Inestrosa, N.C. Wnt3a ligand facilitates autophagy in hippocampal neurons by modulating a novel

GSK-3β-AMPK axis. Cell Commun. Signal. 2018, 16, 15. [CrossRef] [PubMed]
78. Li, X.; Shan, J.; Chang, W.; Kim, I.; Bao, J.; Lee, H.J.; Zhang, X.; Samuel, V.T.; Shulman, G.I.; Liu, D.; et al. Chemical and genetic

evidence for the involvement of Wnt antagonist Dickkopf2 in regulation of glucose metabolism. Proc. Natl. Acad. Sci. USA 2012,
109, 11402–11407. [CrossRef]

79. Daneman, R.; Agalliu, D.; Zhou, L.; Kuhnert, F.; Kuo, C.J.; Barres, B.A. Wnt/β-catenin signaling is required for CNS, but not
non-CNS, angiogenesis. Proc. Natl. Acad. Sci. USA 2009, 106, 641–646. [CrossRef]

80. Crippa, S.; Ancey, P.; Vazquez, J.; Angelino, P.; Rougemont, A.; Guettier, C.; Zoete, V.; Delorenzi, M.; Michielin, O.; Meylan,
E. Mutant CTNNB 1 and histological heterogeneity define metabolic subtypes of hepatoblastoma. EMBO Mol. Med. 2017, 9,
1589–1604. [CrossRef]

81. Inestrosa, N.C.; Toledo, E.M. The role of Wnt signaling in neuronal dysfunction in Alzheimer’s Disease. Mol. Neurodegener. 2008, 3, 9.
[CrossRef]

82. Hooper, C.; Killick, R.; Lovestone, S. The GSK3 hypothesis of Alzheimer’s disease. J. Neurochem. 2008, 104, 1433–1439. [CrossRef]
83. Hampel, H.; Ewers, M.; Bürger, K.; Annas, P.; Mörtberg, A.; Bogstedt, A.; Frölich, L.; Schröder, J.; Schönknecht, P.; Riepe, M.W.; et al. Lithium

trial in Alzheimer’s disease: A randomized, single-blind, placebo-controlled, multicenter 10-week study. J. Clin. Psychiatry 2009,
70, 922–931. [CrossRef] [PubMed]

84. Fjell, A.M.; Walhovd, K.B.; Fennema-Notestine, C.; McEvoy, L.K.; Hagler, D.J.; Holland, D.; Brewer, J.B.; Dale, A.M. CSF
biomarkers in prediction of cerebral and clinical change in mild cognitive impairment and Alzheimer’s disease. J. Neurosci. 2010,
30, 2088–2101. [CrossRef] [PubMed]

85. Forlenza, O.V.; Diniz, B.S.; Radanovic, M.; Santos, F.S.; Talib, L.L.; Gattaz, W.F. Disease-modifying properties of long-term lithium
treatment for amnestic mild cognitive impairment: Randomised controlled trial. Br. J. Psychiatry 2011, 198, 351–356. [CrossRef]
[PubMed]

86. Muñoz-Montaño, J.R.; Moreno, F.J.; Avila, J.; Díaz-Nido, J. Lithium inhibits Alzheimer’s disease-like tau protein phosphorylation
in neurons. FEBS Lett. 1997, 411, 183–188. [CrossRef]

87. Shimada, K.; Motoi, Y.; Ishiguro, K.; Kambe, T.; Matsumoto, S.E.; Itaya, M.; Kunichika, M.; Mori, H.; Shinohara, A.; Chiba, M.; et al.
Long-term oral lithium treatment attenuates motor disturbance in tauopathy model mice: Implications of autophagy promotion.
Neurobiol. Dis. 2012, 46, 101–108. [CrossRef]

88. Nakashima, H.; Ishihara, T.; Suguimoto, P.; Yokota, O.; Oshima, E.; Kugo, A.; Terada, S.; Hamamura, T.; Trojanowski, J.Q.; Lee,
V.M.Y.; et al. Chronic lithium treatment decreases tau lesions by promoting ubiquitination in a mouse model of tauopathies.
Acta Neuropathol. 2005, 110, 547–556. [CrossRef] [PubMed]

89. Drummond, E.; Wisniewski, T. Alzheimer’s Disease: Experimental Models and Reality. Acta Neuropathol. 2018, 133, 155–175.
[CrossRef]

90. Van Cauwenberghe, C.; Van Broeckhoven, C.; Sleegers, K. The genetic landscape of Alzheimer disease: Clinical implications and
perspectives. Genet. Med. 2016, 18, 421–430. [CrossRef] [PubMed]

91. Tanzi, R.E. The genetics of Alzheimer disease. Cold Spring Harb. Perspect. Med. 2012, 2, a006296. [CrossRef]

http://doi.org/10.1016/j.etap.2017.07.011
http://doi.org/10.1073/pnas.93.16.8455
http://doi.org/10.1016/S0021-9258(19)75978-X
http://doi.org/10.1074/jbc.274.25.17934
http://doi.org/10.1016/S0165-6147(03)00206-2
http://doi.org/10.1021/cn5000309
http://doi.org/10.3389/fnmol.2011.00015
http://www.ncbi.nlm.nih.gov/pubmed/21886605
http://doi.org/10.3389/fnmol.2012.00001
http://www.ncbi.nlm.nih.gov/pubmed/22319467
http://doi.org/10.1016/j.bbamcr.2021.119059
http://doi.org/10.1016/j.molcel.2013.03.022
http://doi.org/10.1038/nrm.2017.95
http://doi.org/10.1016/j.tibs.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19884009
http://doi.org/10.1186/s12964-018-0227-0
http://www.ncbi.nlm.nih.gov/pubmed/29642895
http://doi.org/10.1073/pnas.1205015109
http://doi.org/10.1073/pnas.0805165106
http://doi.org/10.15252/emmm.201707814
http://doi.org/10.1186/1750-1326-3-9
http://doi.org/10.1111/j.1471-4159.2007.05194.x
http://doi.org/10.4088/JCP.08m04606
http://www.ncbi.nlm.nih.gov/pubmed/19573486
http://doi.org/10.1523/JNEUROSCI.3785-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20147537
http://doi.org/10.1192/bjp.bp.110.080044
http://www.ncbi.nlm.nih.gov/pubmed/21525519
http://doi.org/10.1016/S0014-5793(97)00688-1
http://doi.org/10.1016/j.nbd.2011.12.050
http://doi.org/10.1007/s00401-005-1087-4
http://www.ncbi.nlm.nih.gov/pubmed/16228182
http://doi.org/10.1007/s00401-016-1662-x
http://doi.org/10.1038/gim.2015.117
http://www.ncbi.nlm.nih.gov/pubmed/26312828
http://doi.org/10.1101/cshperspect.a006296


Int. J. Mol. Sci. 2022, 23, 8733 16 of 16

92. Cisternas, P.; Silva-Alvarez, C.; Martínez, F.; Fernandez, E.; Ferrada, L.; Oyarce, K.; Salazar, K.; Bolaños, J.P.; Nualart, F. The
oxidized form of vitamin C, dehydroascorbic acid, regulates neuronal energy metabolism. J. Neurochem. 2014, 129, 663–671.
[CrossRef] [PubMed]

93. Herrero-Mendez, A.; Almeida, A.; Fernández, E.; Maestre, C.; Moncada, S.; Bolaños, J.P. The bioenergetic and antioxidant status
of neurons is controlled by continuous degradation of a key glycolytic enzyme by APC/C-Cdh1. Nat. Cell Biol. 2009, 11, 747–752.
[CrossRef]

94. Cerpa, W.; Farias, G.G.; Godoy, J.A.; Fuenzalida, M.; Bonansco, C.; Inestrosa, N.C. Wnt-5a occludes Abeta oligomer-induced
depression of glutamatergic transmission in hippocampal neurons. Mol. Neurodegener. 2010, 5, 3. [CrossRef]

95. Cisternas, P.; Salazar, P.; Silva-álvarez, C.; Barros, L.F. Activation of Wnt signaling in cortical neurons enhances glucose utilization
through glycolysis. J. Biol. Chem. 2016, 291, 25950–25964. [CrossRef] [PubMed]

96. Martinez, M.; Torres, V.I.; Vio, C.P.; Inestrosa, N.C. Canonical Wnt Signaling Modulates the Expression of Pre- and Postsynaptic
Components in Different Temporal Patterns. Mol. Neurobiol. 2020, 57, 1389–1404. [CrossRef]

97. Sun, S.; Hu, F.; Wu, J.; Zhang, S. Cannabidiol attenuates OGD/R-induced damage by enhancing mitochondrial bioenergetics
and modulating glucose metabolism via pentose-phosphate pathway in hippocampal neurons. Redox Biol. 2017, 11, 577–585.
[CrossRef]

98. Tapia-Rojas, C.; Inestrosa, N.C. Wnt signaling loss accelerates the appearance of neuropathological hallmarks of Alzheimer’s
disease in J20-APP transgenic and wild-type mice. J. Neurochem. 2018, 144, 443–465. [CrossRef] [PubMed]

99. Cisternas, P.; Gherardelli, C.; Salazar, P.; Inestrosa, N.C. Disruption of Glucose Metabolism in Aged Octodon degus: A Sporadic
Model of Alzheimer’s Disease. Front. Integr. Neurosci. 2021, 15, 733007. [CrossRef] [PubMed]

100. Tapia-Rojas, C.; Schüller, A.; Lindsay, C.B.; Ureta, R.C.; Mejias-reyes, C.; Hancke, J.; Melo, F.; Inestrosa, N.C. Andrographolide
activates the canonical Wnt signalling pathway by a mechanism that implicates the non-ATP competitive inhibition of GSK-3β:
Autoregulation of GSK-3β in vivo. Biochem. J. 2015, 466, 415–430. [CrossRef]

101. Bolaños, J.P.; Delgado-Esteban, M.; Herrero-Mendez, A.; Fernandez-Fernandez, S.; Almeida, A. Regulation of glycolysis and
pentose-phosphate pathway by nitric oxide: Impact on neuronal survival. Biochim. Biophys. Acta 2008, 1777, 789–793. [CrossRef]
[PubMed]

102. Tsai, C.S.; Chen, Q. Purification and kinetic characterization of 6-phosphogluconate dehydrogenase from Schizosaccharomyces
pombe. Biochem. Cell Biol. 1998, 76, 107–113. [CrossRef] [PubMed]

http://doi.org/10.1111/jnc.12663
http://www.ncbi.nlm.nih.gov/pubmed/24460956
http://doi.org/10.1038/ncb1881
http://doi.org/10.1186/1750-1326-5-3
http://doi.org/10.1074/jbc.M116.735373
http://www.ncbi.nlm.nih.gov/pubmed/27703002
http://doi.org/10.1007/s12035-019-01785-5
http://doi.org/10.1016/j.redox.2016.12.029
http://doi.org/10.1111/jnc.14278
http://www.ncbi.nlm.nih.gov/pubmed/29240990
http://doi.org/10.3389/fnint.2021.733007
http://www.ncbi.nlm.nih.gov/pubmed/34707484
http://doi.org/10.1042/BJ20140207
http://doi.org/10.1016/j.bbabio.2008.04.011
http://www.ncbi.nlm.nih.gov/pubmed/18455501
http://doi.org/10.1139/o98-001
http://www.ncbi.nlm.nih.gov/pubmed/9666312

	Introduction 
	Results 
	Lithium Stimulates Glucose Uptake in Hippocampal Neurons 
	Lithium Promotes Glycolysis and ATP Synthesis in Hippocampal Neurons 
	Lithium Alters the Genetic Expression of Metabolic Genes 
	Lithium Enhances Glycolysis and AMPK Activity in Hippocampal Slices of APP/PS1 Mice 

	Discussion 
	Materials and Methods 
	Animals 
	Primary Hippocampal Neuronal Cultures 
	Hippocampal Slices Preparation 
	Quantitative Real-Time PCR (qRT-PCR) 
	Glucose Uptake Analysis 
	Determination of the Glycolytic Rate 
	Hexokinase (HK) Activity 
	Quantification of ATP, ADP and NADPH/NADP+ 
	AMPK Activity 
	Pentose Phosphate Pathway Measurements 
	Determination of G6PDH Activity 
	Statistical Analysis 

	References

