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Abstract
Chronic alcohol use disorder, a major risk factor for the development of neuropsychiatric disorders including addiction to other 
substances, is associated with several neuropathology including perturbed neuronal and glial activities in the brain. It affects 
carbon metabolism in specific brain regions, and perturbs neuro-metabolite homeostasis in neuronal and glial cells. Alcohol 
induced changes in the brain neurochemical profile accompany the negative emotional state associated with dysregulated 
reward and sensitized stress response to withdrawal. However, the underlying alterations in neuro-astroglial activities and 
neurochemical dysregulations in brain regions after chronic alcohol use are poorly understood. This study evaluates the impact 
of chronic ethanol use on the regional neuro-astroglial metabolic activity using 1H-[13C]-NMR spectroscopy in conjunction 
with infusion of [1,6-13C2]glucose and sodium [2-13C]acetate, respectively, after 48 h of abstinence. Besides establishing 
detailed 13C labeling of neuro-metabolites in a brain region-specific manner, our results show chronic ethanol induced-cognitive 
deficits along with a reduction in total glucose oxidation rates in the hippocampus and striatum. Furthermore, using [2-13C]
acetate infusion, we showed an alcohol-induced increase in astroglial metabolic activity in the hippocampus and prefrontal 
cortex. Interestingly, increased astroglia activity in the hippocampus and prefrontal cortex was associated with a differential 
expression of monocarboxylic acid transporters that are regulating acetate uptake and metabolism in the brain.

Keywords  Alcohol abuse · Brain metabolism · 13C NMR spectroscopy · Monocarboxylic acid transporters · Astrocytes · 
Neurons · Glutamate · GABA
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Introduction

Alcohol use is a major concern with worldwide preva-
lence, contributes substantially to the global burden of 
diseases [1], and accounts for 3.3 million deaths every 
year worldwide (WHO report 2018). The transition from 
occasional alcohol use to dependence is accompanied by 
chronic perturbations in reward processing, and involves 
several reiterative amplifying three-stage cycles of drug 
abuse that include intoxication, withdrawal, and preoc-
cupation [2–4]. Initial recreational alcohol use is usually 
rewarding, facilitates incentive salience, and a positive 
hedonic emotional state. Chronic alcohol-abuse, like other 
psychoactive substances, involves maladaptive plasticity 
at the cellular/neuronal circuit level that drives pathologi-
cal risky behaviors of compulsive drug seeking, and pro-
duces broad cognitive, psychological and neural deficits. 
At later stages, alcohol-induced neuroadaptations within a 
neuronal circuit and between circuitries to balance reward 
homeostasis reset the threshold for the reward at a higher 
level. Besides perturbing reward circuitry, long-term 
alcohol use facilitates cognitive deficits, impairs memory, 
and perturbs neurochemical profile [5–8]. Subsequently, 
abstinence from alcohol drives a negative emotional state 
with activation of stress response that in turn drives with-
drawal syndrome and relapse [9, 10]. Several preclinical 
and clinical studies have been performed to understand 
the multifactorial adverse effects of ethanol on cerebral 
function. Using an intravenous administration of [2-13C]
ethanol in rats it was shown that ethanol is metabolized 
directly in neurons and astroglia [11]. Moreover, the etha-
nol oxidation in the astroglia was increased further in rats 
subjected to chronic ethanol vapor. However, the under-
lying molecular and neural mechanisms remain elusive. 
Alcohol is known to interact with the receptors of major 
neurotransmitter classes viz., amino acids (glutamic acid, 
GABA, aspartic acid and glycine), peptides (vasopressin, 
somatostatin and neurotensin), and monoamines (norepi-
nephrine, dopamine, serotonin and acetylcholine), thereby 
perturbs homeostasis in the brain [12–14]. Several studies 
using ex vivo as well as in vivo Magnetic Resonance Spec-
troscopy (MRS) have been carried out to understand the 
impact of alcohol abuse on neuro-metabolites homeostasis 
in brain [15–17] after alcohol use.

13C NMR spectroscopy has demonstrated one to one 
relationship between the rate of neuronal glucose oxida-
tion and neurotransmitter cycling in the brain [18, 19]. 
These studies not only established that glucose oxida-
tion in neuronal mitochondrion supports neurotransmit-
ter energetics but are also in agreement with MRS stud-
ies in human subjects [20, 21]. Although these studies 
have been instrumental in advancing the understanding of 

biochemical aspects of alcoholism, the complete under-
standing of finer details for impacts of chronic alcohol 
use on neurochemical and neuro-energetics in the brain 
are still elusive, thereby limiting the success of therapeu-
tic interventions for relapse. In previous study, we have 
shown that acute ethanol exposure perturbs the level of 
neurometabolites, and decreases the neurometabolic activ-
ity differentially across brain [17]. The study of neuro-
metabolism under chronic ethanol exposure conditions 
would provide a better understanding of alcohol induced 
changes in the brain. In this study, we have investigated 
the impacts of chronic alcohol (30 days) exposure on neu-
rometabolic and transcriptional changes in several brain 
regions using 1H-[13C]-NMR spectroscopy along with an 
infusion of [1,6-13C2]glucose and sodium [2-13C]acetate. 
Our findings suggest alcohol induced regional dysregula-
tions of neuronal and astroglial metabolic activities in the 
brain. Additionally, there is a differential effect of chronic 
alcohol on the expression of monocarboxylic acid trans-
porters (MCTs) in the hippocampus and prefrontal cortex 
at transcriptional level.

Materials and Methods

Animals

All experiments were performed in accordance with stand-
ard protocols and procedures approved by the Institutional 
Animal Ethics Committee (IAEC). C57BL/6NCrl male 
mice aged 8–10 weeks, weighing 22–25 g were used for the 
in vivo study. All mice were maintained at 12/12 h light/
dark cycle, temperature: 23–25 °C, and relative humidity: 
55–65%, and received chow diet and water ad libitum. Mice 
were divided into two groups: Alcohol (n = 25) and Control 
(n = 25), and further segregated for different measurements.

Alcohol Administration in Animals

An intraperitoneal alcohol administration mode was used 
in the study. Mice were administered a 20% ethanol (2.5 g/
kg, intraperitoneal) solution prepared in normal saline for 
30 days (Fig. 1A). The site of the injection was changed 
alternately to right and left of the abdominal area. Alcohol 
injections were given alternately in morning and evening 
sessions in order to minimize the time preference. The mice 
in the control group received the respective volume of nor-
mal saline for the entire duration.

Morris Water Maze (MWM) Test

All the animals were subjected for cognitive evaluation 
using Morris Water Maze test [22]. Briefly, a circular pool 
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Fig. 1   Morris water maze analysis of memory after one month of 
alcohol administration: A Timeline of the experiment; B Time spent 
in the target zone; C Number of entries to the Quadrant containing 
platform; D Latency to escape platform; E Distance covered during 

probe trial. Control (n = 14) and Alcohol (n = 15) administered mice 
were allowed to swim and explore a hidden platform for 90 s. Symbol 
represents measurement from the individual animal. Values are pre-
sented as mean ± SD
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was filled with water (60–75 cm depth), and a submerged 
platform was used to evaluate spatial memory in animals 
[23]. Distinct cues on the sides of the tank and walls of the 
room were provided to locate the hidden platform. Animals 
were trained in multiple sessions each day for four days to 
locate the invisible submerged platform. This was followed 
by a memory test after a gap of 2 days. On the day of the test, 
animals were allowed to find the hidden platform (spatial 
acquisition memory), and escape latency to reach the hidden 
platform was recorded using Ethovision tracking software. 
The next day, in the probe trial test, the hidden platform 
was removed, and the total time spent by the animal in the 
platform zone was recorded. It should be noted that training/
learning and memory were evaluated using the MWM test 
24 h post alcohol administration to avoid any direct pharma-
cological impact of alcohol on learning.

Gene Expression Studies

One set of mice were used for gene expression studies. In 
brief, mice were euthanized after 48 h of alcohol withdrawal, 
and brain tissues were micro-dissected, and harvested for 
the extraction of RNA [24, 25]. The cDNA was synthesized 
using Superscript III cDNA reverse transcriptase, and the 
relative abundance of mRNA for the targeted gene was quan-
tified by SYBR® Premix Ex Taq (Takara, New Delhi, India) 
based ΔΔCt method of real time PCR (RT-PCR) using 
gene-specific primers (Table S3) [22]. The microarray study 
(unpublished data) revealed that the expression of hypoxan-
thine guanine phosphoribosyl transferase (HGPT) mRNA 
was unchanged in alcohol-treated mice. Hence HGPT was 
used as an internal reference for the normalization of data.

Neurometabolic Measurement

Another set of mice were subjected to neuronal or astroglial 
metabolic analysis using a tracer approach of 13C labeled 
glucose or acetate administration [26–29]. Briefly, mice 
were fasted for 6 h, and were administered either [1,6-13C2]
glucose or sodium [2-13C]acetate for 2 min using a bolus-
variable rate infusion schedule [30]. For glucose, [1,6-13C2]
glucose (Cambridge Isotope Laboratories, Andover, MA, 
USA) dissolved in water (0.225 mol/L) was administered 
with an initial bolus rate of 1575 mol/kg/min for the first 
20 s. The infusion rate was stepped down exponentially 
every 20 s to attain the final rate of 247 mol/kg/min at 100 s, 
and was continued till 120 s. In the case of acetate, a bolus 
of sodium [2-13C]acetate was administered with an initial 
rate of 10 mmol/kg/min during the first 15 s, and the rate 
was stepped down exponentially in four steps to 0.50 mmol/
kg/min by 75  s, which continued till 120  s. The blood 
was collected for the separation of plasma within a min-
ute before arresting the brain metabolism using a focused 

Beam Microwave Irradiation at 7 and 10 min for glucose 
and acetate experiment, respectively (4.5 kV for 1 s). The 
different brain regions were dissected, and stored at − 80 °C 
until further processing.

Plasma samples (~ 100 μL) were mixed with phosphate 
buffer (450 μL) prepared in deuterium oxide containing 
1 mM sodium formate, and filtered through a centrifugal 
filter (10 kDa cutoff) to remove macromolecules. The filtrate 
was analyzed by 1H NMR spectroscopy for estimation of 
the percent 13C labeling of glucose-C1 and acetate-C3 in 
blood. Metabolites from brain tissue samples were extracted 
as described earlier [31]. Briefly, frozen brain tissues were 
pulverized with a handheld motorized homogenizer in 0.1N 
HCl/methanol (2:1 vol/wt). The [2-13C]glycine (100 ml; 
2 mmol/L) was added as an internal concentration reference. 
The tissue was thoroughly homogenized with ice-cold etha-
nol (1:6 w/v; 60% ethanol). The homogenate was centrifuged 
at 14,000 g for 30 min. The supernatant was lyophilized, and 
dissolved in phosphate buffer (25 mM, pH 7.0) containing 
0.25 mM sodium 3‐trimethylsilyl [2,2,3,3‐D4]‐propionate 
for NMR analysis.

The 1H-[13C]-NMR spectra of brain tissue extracts were 
acquired at a 600 MHz NMR spectrometer (AVANCE II, 
Bruker Biospin, Karlsruhe, Germany) using the following 
parameters: repetition time = 5.5 s; echo time = 8 ms; num-
ber of points in FID = 16,384; spectral width = 7212 Hz; 
number of averages ranging from 64 (for cerebral cortex) 
to 1024 (for striatum) as described previously [32, 33]. Any 
loss in NMR signal intensity of a particular resonance due 
to rapid pulsing (TR = 5.5 s) was obtained by acquiring 
1H-[13C]-NMR spectra of a sample with a repetition time 
of 5.5 s and 20 s. The correction factor thus obtained for a 
particular resonance was multiplied with the measured NMR 
resonance intensity to correct for a loss in signal intensity. 
The concentration of metabolites was calculated relative 
to [2-13C]glycine that was added during the extraction of 
metabolites, and 13C enrichment of amino acids at different 
carbon positions was calculated from the ratio of the areas in 
the difference spectrum to the non-edited spectrum.

Estimation of Neuronal and Astroglial Metabolic 
Flux

The metabolism of [1,6-13C2]glucose via glycolysis followed 
by TCA cycle labels GluC4 and GABAC2 in glutamatergic 
and GABAergic neurons, respectively [26, 29, 34]. The labe-
ling of GlnC4 occurs by the exchange of neurotransmitters, 
GABA and glutamate, into astroglia via GABA-glutamine 
and glutamate-glutamine neurotransmitter cycling pathways. 
Further metabolism of GluC4 and GABAC2 in the TCA cycles 
label AspC2 and AspC3 equally. AspC2/C3 on further conden-
sation with acetyl-CoA, and metabolism in glutamatergic 
neurons labels GluC2 and GluC3. Similarly, GABAC3 and 
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GABAC4 are equally labeled from AspC2/C3 in GABAergic 
neurons. The rate of total (neurons plus astroglia) glucose 
oxidation was approximated from the initial rate of 13C label 
accumulation into amino acids according to [28, 34]:

where fGlc is the fractional enrichment of [1,6-13C2]glucose, 
and AspCi, GlnC4, and GluCi are the levels of 13C labeled 
amino acids at 'ith' carbon in 7 min. Factor 2 in the expres-
sion is because of equal labeling of Asp at carbon 2 and 3, 
Glu at carbon 2 and 3, and GABA at carbon 3 and 4. The 
level of blood glucose was assumed to be similar during the 
7 min of the study.

The rate of glucose oxidation in glutamatergic neurons 
(CMRGlc(Glu)) was estimated as follows:

where AspCi and GluCi are the levels of 13C labeled amino 
acids at 'ith' carbon in 7 min. Factor 0.82 represents the frac-
tional pool of glutamate in the glutamatergic neurons in 
the cerebral cortex [29]. The neuronal fraction of aspartate 
(0.84) was distributed equally (0.42) into glutamatergic and 
GABAergic neurons.

The rate of glucose oxidation in GABAergic neu-
rons (CMRGlc(GABA)) was determined using the following 
expression:

where GABACi represents the concentration of labeled 
GABA at 'ith' carbon from [1,6-13C2]glucose. Factor 0.02 is 
the fractional pool of glutamate in the GABAergic neurons.

Unlike glucose, [2-13C]acetate is transported and pref-
erentially metabolized in astroglia [35–37]. Metabolism of 
[2-13C]acetate in astroglial TCA cycle transfers 13C label 
to the small pool of glutamate-C4 (GluC4) followed by glu-
tamine-C4 (GlnC4) by astroglial specific enzyme glutamine 
synthetase [29, 36, 38]. The labeling of GABAC2 and GluC4 
in neurons occurs by glutamine-GABA and glutamine-glu-
tamate pathways. The cerebral metabolic rate of acetate oxi-
dation (CMRAce(Ox)) was calculated based on the 13C label 
trapped into different amino acids from [2-13C]acetate using 
the following expression [28]:

(1)
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where fAce is the fractional enrichment of [2-13C]acetate, and 
AspCi, GABACi, GlnCi and GluCi are the concentrations of 
13C labeled amino acids at 'ith' carbon from [2-13C]acetate 
in 10 min.

Statistics

GraphPad Prism and Microsoft Excel were used for statis-
tical analysis. Two-tailed Student’s t test with confidence 
intervals of 95% was performed for assessing the signifi-
cance of the difference between the ethanol and control 
groups. Outliers in data were determined using Grubbs’ test 
to remove the extreme values. Benjamin Hochberg method 
was used to adjust p value for multiple comparisons, and 
an adjusted p value of < 0.05 was considered for statistical 
significance between groups. For gene expression analysis, 
two-way ANOVA was used to estimate the statistical sig-
nificance between the groups. Unless specified, results are 
expressed as Mean ± SD.

Results

Chronic Alcohol Results in Impaired Memory in Mice

Animals were administered ethanol (2.5 g/kg, intraperito-
neal) daily for 30 days. The training and memory test were 
conducted using MWM during the last week of the ethanol 
treatment (Fig. 1A). Alcohol-exposed animals (22.1 ± 2.8 s) 
spent significantly (t(27) = 2.65, p = 0.013) less amount of 

time in the virtual target as compared to the saline-treated 
controls (27.2 ± 6.9 s) (Fig. 1B). The memory retention spe-
cific to the exact platform (Fig. S1A) location containing 
zone was also significantly (t(27) = 3.80, p = 0.0007) reduced 
in the alcohol-treated mice (1.2 ± 0.5 s) as compared to the 
normal saline-treated controls (2.6 ± 1.3 s). Furthermore, 
the number of entries to the platform containing quadrant 
(12.7 ± 3.3 vs 17.5 ± 5.2, t(27) = 2.98, p = 0.006) and zone 
(2.6 ± 1.12 vs 4.5 ± 2.0, t(27) = 3.20, p = 0.003) were signifi-
cantly reduced in ethanol treated mice (Fig. 1C, Fig. 1SB). 
In addition, latency to platform was increased (t(27) = 2.04, 
p = 0.052) in alcohol treated mice (29.5 ± 23.7 s) when com-
pared with controls (15.8 ± 8.1 s) (Fig. 1D). It is noteworthy 
that the deficits in performance in MWM were not due to 
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reduced locomotor activity as there was no significant dif-
ference (t(27) = 0.14, p = 0.89) in total distance covered dur-
ing the test between alcohol (2331 ± 367 cm) and control 
mice (2316 ± 187 cm) (Fig. 1E). These data suggest chronic 
alcohol exposure induces cognitive deficits in the spatial 
retention memory (Fig. 1, Fig. S1). Overall, Morris water 
maze behavioral results suggest memory deficits in alcohol-
administered mice.

Chronic Alcohol Decreased Glucose Metabolism 
in Brain

The level of β-hydroxybutyrate (BHB) in the plasma was 
measured in 1H NMR-spectrum. The CH3 resonance of 
BHB could be seen at 1.21 ppm (Fig. S2). There was no 
significant difference (p = 0.89) in the BHB level in alcohol 
(0.08 ± 0.05 mmol/L, n = 7) treated mice when compared 
with controls (0.08 ± 0.04 mmol/L, n = 7) (Table S1), sug-
gesting that ketogenesis is unpertubed following chronic 
ethanol treatment.

For the assessment of glucose metabolism, alcohol 
treated mice were administered [1,6-13C2]glucose, and the 
concentration of 13C labeled amino acids in brain tissue 
extracts were measured using 1H-[13C]-NMR spectroscopy 
(Fig. 2A). Although, there was a trend for a reduction in 
the levels of NAA (Ethanol: 6.2 ± 0.5 μmol/g; Control: 
6.6 ± 0.3 μmol/g) in the striatum, aspartate (2.6 ± 0.2 vs 
2.4 ± 0.1 μmol/g) in the hippocampus, and myo-inositol 
(6.5 ± 0.4 vs 6.2 ± 0.2 μmol/g) in the cerebral cortex, none 
of these changes survive for the statistical correction for the 
multiple comparisons (Table S2). These data are suggestive 
of no specific effects of chronic alcohol use on the neuro-
metabolites homeostasis in brain.

There was no significant change (p = 0.964) in the 
percent 13C labeling of blood [1-13C]glucose in etha-
nol-treated mice (22.8 ± 2.7%, n = 6) when compared 
with saline-treated controls (22.0 ± 1.8% n = 6) suggest-
ing that plasma glucose homeostasis is not perturbed in 
ethanol-treated mice. The concentration of 13C labeled 
metabolites was measured in edited 1H-[13C]-NMR 
spectrum (lower panel, Fig.  2A). The well-resolved 
signals of AlaC3, AspC3,  GluC4/C3, GlnC4, GABAC2 and 
LacC3,  which are labeled from [1,6-13C2]glucose are 
seen in the hippocampus of alcohol treated mice. The 
percent 13C  labeling of LacC3 was found to be simi-
lar in ethanol (25.2 ± 3.1%, n = 6) and normal-saline 
treated mice (25.1 ± 3.7%, n = 6). There was a small but 
significant (padj < 0.05) reduction in the 13C labeling 
of hippocampal GluC4 (Ethanol: 1.90 ± 0.14  μmol/g, 
Control: 2.09 ± 0.11 μmol/g, t(10) = 2.74, padj = 0.031), 
GluC3 (0.38 ± 0.06 vs 0.48 ± 0.02  μmol/g, t(10) = 3.55, 
padj = 0.016), GABAC2 (0.32 ± 0.02 vs 0.36 ± 0.02 μmol/g, 

t(10) = 4.52, padj = 0.006) and GlnC4 (0.31 ± 0.05 vs 
0.37 ± 0.02 μmol/g, t(10) = 2.95, padj = 0.029) amino acids 
from [1,6-13C2]glucose in alcohol-treated mice when com-
pared to controls (Fig. 2B). Moreover, there was a trend 
for decrease (padj = 0.07) in striatal GluC4 (1.95 ± 0.07 
vs 2.17 ± 0.17  μmol/g, t(10) = 2.96, padj = 0.07), GlnC4 
(0.29 ± 0.03 vs 0.33 ± 0.03 μmol/g, t(10) = 2.62, padj = 0.07) 
and GluC3 (0.36 ± 0.06 vs 0.44 ± 0.05 μmol/g, t(10) = 2.41, 
padj = 0.07) in the alcohol-administered mice as compared 
to controls (Fig. S3A). Similar to the striatum, there was 
a decreasing trend in 13C labeling of GluC4 (2.43 ± 0.25 
vs 2.74 ± 0.20 μmol/g, t(9) = 2.3, padj = 0.15) and GluC3 
(0.45 ± 0.07 vs 0.57 ± 0.07 μmol/g, t(9) = 2.90, padj = 0.10) 
in the prefrontal cortex of alcohol-treated mice (Fig. 2C). 
However, these trends could not survive the statistical 
corrections for multiple comparisons. There were no sig-
nificant differences in the 13C labelling of metabolites in 
the cerebral cortex (Fig. S3B). The reduced 13C labeling 
of amino acids is suggestive of a decreased rate of glu-
cose oxidation through the neuronal TCA cycle in the hip-
pocampus. Additionally, the reduced 13C labeling of GlnC4 
is suggestive of impaired neurotransmitter cycling in the 
hippocampus of alcohol-treated mice.

The rates of glucose oxidation in Glutamatergic (Etha-
nol: 0.34 ± 0.04 μmol/g/min, Control: 0.39 ± 0.01 μmol/g/
min, t(10) = 3.18, padj = 0.01) and GABAergic neurons 
(0.11 ± 0.01 vs 0.13 ± 0.008  μmol/g/min, t(10) = 2.77, 
padj = 0.02) were reduced significantly with an over-
all reduction (0.57 ± 0.06 vs 0.66 ± 0.02  μmol/g/min, 
t(10) = 3.23, padj = 0.01) in the rates of glucose oxidation 
in the hippocampus of alcohol-administered mice when 
compared with saline-treated controls (Fig. 3A). Similarly, 
there was a decrease (0.34 ± 0.02 vs 0.39 ± 0.03 μmol/g/
min, t(10) = 2.78, padj = 0.04) in the rate of glucose oxi-
dation Glutamatergic neurons along with a decrease 
(0.56 ± 0.04 vs 0.63 ± 0.06  μmol/g/min, t(10) = 2.57, 
padj = 0.04) in the total glucose oxidation in the striatum 
(Fig. 3B). The glucose oxidation in the GABAergic neu-
rons was unperturbed (0.11 ± 0.01 vs 0.12 ± 0.01 μmol/g/
min, t(10) = 1.51, padj = 0.16) in ethanol-treated mice 
(Fig. 3B). Likewise, there was a trend of reduction in the 
rate of glucose oxidation in the prefrontal cortex, however, 
it did not reach the statistical significance (0.70 ± 0.08 vs 
0.80 ± 0.06 μmol/g/min, t(9) = 2.21, padj = 0.08) (Fig. 3C). 
There was no change in rate of glucose oxidation in the 
cerebral cortex (0.64 ± 0.07 vs 0.67 ± 0.05 μmol/g/min, 
t(9) = 0.75, padj = 0.91) (Fig. S4). These results show hypo-
glucose metabolism in the hippocampus and striatum after 
chronic alcohol use. This attenuated neurometabolic activ-
ity might be responsible for memory deficits in ethanol 
administered mice.
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Fig. 2   Concentration of 13C labeled amino acids from [1,6-13C2]glu-
cose in Control and ethanol administered mice: A 1H-[13C]-NMR 
spectrum from a hippocampal extract of alcohol-treated mouse show-
ing 13C labeled neurometabolites from [1,6-13C2]glucose. The top 
spectrum depicts the total level of metabolites, and spectrum in the 
lower panel shows 13C labeled metabolites. The concentration of 13C 
labeled amino acids from [1,6-13C2]glucose in B Hippocampus, and 

C Prefrontal cortex. Mice were infused with [1,6-13C2]glucose for 
2 min, euthanized at 7 min, and 1H-[13C]-NMR spectra were recorded 
from the hippocampal tissue extracts. The 13C concentrations of 
amino acids were measured in 1H-[13C]-NMR spectra of brain tissue 
using [2-13C]glycine as the concentration standard. Values are pre-
sented as mean ± SD, and the symbol represents measurement from 
the individual mouse
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Chronic Alcohol Increased Acetate Oxidation 
in the Brain

A representative 1H-[13C]-NMR spectrum from the hip-
pocampus of mouse infused with sodium [2-13C]acetate 
is presented in Fig. 4A. The 13C labeling of GluC4, GlnC4 
and GABAC2 is seen in the edited spectrum (lower panel, 
Fig. 4A). The concentration of GluC3 from [2-13C]ace-
tate in the hippocampus of alcohol administered mice 
(0.17 ± 0.02 μmol/g) increased significantly (t(10) = 3.38, 
padj = 0.04) when compared with the saline-treated con-
trols (0.12 ± 0.03 μmol/g) (Fig. 4B). Similarly, the con-
centration of GluC4 increased in the prefrontal cortex of 
alcohol-administered mice (Ethanol: 0.60 ± 0.02 μmol/g, 
Control: 0.55 ± 0.02 μmol/g, t(10) = 1.67, padj = 0.046)) 

(Fig. 4C). There was no significant (padj > 0.05) differ-
ence in the 13C labeling of amino acids in the striatum 
and cerebral cortex in alcohol administered mice (Fig. 
S5A&B). Consequently, the rate of acetate oxidation, esti-
mated by accounting for the 13C label trapped into different 
amino acids, was found to be significantly increased in 
the hippocampus (0.17 ± 0.01 vs 0.15 ± 0.01 μmol/g/min, 
t(10) = 2.96, padj = 0.03) and prefrontal cortex (0.18 ± 0.005 
vs 0.17 ± 0.004 μmol/g/min, t(10) = 3.69, padj = 0.02) of 
alcohol-treated mice (Fig. 5). As acetate is believed to 
be preferentially transported and metabolized in astroglia, 
the findings of increased rate of acetate oxidation in the 
hippocampus and PFC in alcohol treated mice suggests 
increased metabolic activity of astroglia.

Fig. 3   Cerebral metabolic rates of glucose oxidation (CMRGlc(Ox)) 
in: A Hippocampus, B Striatum, and C Prefrontal cortex of ethanol-
treated mice. The 13C labeling of amino acids from [1,6-13C2]glucose 
was measured in the brain tissue extracts using 1H-[13C]-NMR spec-

troscopy. The CMRGlc(Ox) was calculated from the concentration of 
13C labeled amino acids from [1,6-13C2]glucose. The vertical bar rep-
resents the mean ± SD of the group, while the symbols depict meas-
urement from individual mouse
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Fig. 4   Concentration of 13C labeled amino acids from [2-13C]acetate 
in Control and Ethanol administered mice. A 1H-[13C]-NMR spec-
trum of hippocampal extract of alcohol-treated mice infused with 
sodium [2-13C]acetate. The top spectrum depicts the total level of 
metabolites, while that in the lower panel exhibits 13C labeled metab-
olites from [2-13C]acetate. The concentration of 13C labeled amino 

acids in: B Hippocampus and C Prefrontal Cortex. Mice were infused 
with sodium [2-13C]acetate for 2  min, euthanized at 10  min, and 
the concentrations of 13C labeled metabolites were measured in 13C 
edited 1H-[13C]-NMR spectra of brain tissue extracts using glycine as 
the concentration standard. Values are presented as mean ± SD
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It is noteworthy that the energy equivalence of acetate 
(9 ATP) is low compared to that of glucose (32 ATP). 
As a result, although there was an increase in the acetate 
oxidation in the hippocampus of alcohol-treated mice, the 
total ATP synthesis rate is still lower in ethanol treated 
mice  than in controls, and does not compensate the 

deficiency associated with neuronal glucose metabolism 
in alcohol treated mice (Table S4).

Chronic Alcohol Affected Gene Expression in a Brain 
Region‑Specific Manner

To get further insights about the impact of chronic alcohol 
use on the gene expression changes associated with astro-
glia, the levels of mRNA in the hippocampus and prefrontal 
cortex were evaluated using RT-qPCR. There were small 
but significant alcohol-induced changes in the expression of 
several genes involved in the astrocytic metabolism of ace-
tate (Fig. 6). The expression of Glial Fibrillary Acidic Pro-
tein (Gfap) increased significantly in both the hippocampus 
(1.59x, p = 0.007) and prefrontal cortex (1.85x, p < 0.0001) 
of alcohol-administered mice as compared to saline-treated 
controls. The Gfap expression is specific to astroglia, hence 
increased Gfap expression is indicative of either an increase 
in the astroglial population or increased neuroinflammation 
in alcohol-treated mice. Alcohol-induced changes in Gfap 
mRNA levels were more prominent in the prefrontal cortex. 
Furthermore, there was a significant increase in mRNA level 
of a Monocarboxylate Transporter 1 (MCT1 or Slc16a1) 
(1.63x, p = 0.002) and Monocarboxylate Transporter 4 
(MCT4 or Slc16a4) (2.12x, p < 0.0001) in the hippocam-
pus. The level of MCTs were unperturbed in the prefrontal 
cortex (p ≥ 0.05). Moreover, the expressions of MCT2 in 
both brain regions were unchanged (p ≥ 0.79) (Fig. 6). In 
addition, there was a significant (p < 0.001) increase in the 
expression of interleukin 6 (IL6) mRNA in the hippocam-
pus of alcohol treated mice (1.76x) when compared with 
controls. There was no significant change in the expression 
IL6 in the prefrontal cortex. Overall, our results show the 

Fig. 5   Cerebral metabolic rates of acetate oxidation in alcohol-treated 
mice. Animals were infused with sodium [2-13C]acetate for 2  min, 
and cerebral metabolism was arrested at 10 min using focused micro-
wave beam directed to head. The concentration of 13C label trapped 
into various neurometabolites were measured in brain tissue extracts, 
and were used for the estimation of the rates of acetate oxidation. Val-
ues are presented as mean ± SD, and symbols depict measurement 
from individual mouse

Fig. 6   Transcriptional changes 
in the hippocampus and 
prefrontal cortex of alcohol 
administered mice. The RNA 
was extracted from brain tis-
sue. The expression of RNA 
was estimated in Control 
(n = 10) and Alcohol (n = 10) 
treated mice using qPCR. Data 
(mean ± SD) are presented 
as relative change to control. 
Two-way ANOVA was used to 
calculate significance between 
the groups, and the Benjamini 
Hochberg correction method 
was used to calculate the 
adjusted P value for multiple 
comparisons. Adjusted p ≤ 0.05 
was considered significant
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differential impact of alcohol on hippocampal and prefrontal 
astroglial cells. Increased levels of MCT1 and MCT4 in the 
hippocampus might mediate enhanced uptake and metabo-
lism of acetate. Along similar lines, we observed an increase 
in the expression of another astrocyte enriched gene, Acss1 
(Acyl-CoA Synthetase Short Chain Family Member 1), in 
the hippocampus. However, this was not statistically signifi-
cant after correction for multiple comparisons.

Discussion

The brain region-specific chemical and molecular profiles of 
neuro-metabolites during chronic alcohol use is of clinical 
importance to stage ethanol-associated emotional state, and 
also in exploring appropriate therapeutic interventions to 
prevent relapse. In this regard, we carried out neurometa-
bolic analysis using 1H-[13C]-NMR spectroscopy in conjunc-
tion with an administration of 13C labeled substrates, [1,6-
13C2]glucose and [2-13C]acetate, to assess the neuronal and 
astroglial metabolic activity in the brain after chronic alco-
hol administration. The finding of the study show chronic 
alcohol use is associated with cognitive impairments and 
decreased cerebral glucose metabolism in hippocampus 
and striatum. Furthermore, chronic alcohol use results in 
increased cerebral acetate oxidation in hippocampus and 
prefrontal cortex. These changes in neurometabolism were 
associated with gene expression changes in several genes.

Although there were some minor changes in the levels 
of NAA, aspartate and myo-inositol in the striatum, hip-
pocampus and cortex respectively, the small differences 
did not sustain the adjustment of the p-value for the mul-
tiple comparisons. The findings of the current study indi-
cate no significant perturbation in the cerebral metabolite 
homeostasis in hippocampus and prefrontal cortex (Table. 
S1). Several magnetic resonance spectroscopy (MRS) stud-
ies in alcoholism have reported changes in levels of NAA, 
Choline, and creatine in different brain regions like frontal, 
medial and temporal lobes, cerebellum and thalamus [15, 
39–41]. On the contrary, some of the MRS studies have 
shown normalization of metabolite levels after abstinence 
from chronic alcohol use [39, 42]. Deviations from above 
mentioned alcohol-induced neurochemical profiles have also 
been reported; i.e., there were no changes in GABA levels 
by chronic alcohol use except in alcohol comorbid smokers 
[43]. Alcohol-induced increased [44] and decreased [45] 
levels of glutamine have been reported in anterior cingulate 
in alcohol-abuse patients when compared to controls. These 
discrepancies might be due to the differences in history of 
subject, dosage, duration and methods used.

Our results show a prominent change in the neuronal 
(Fig.  3) and astroglial (Fig.  5) metabolic activity after 
chronic alcohol use in a brain region-specific manner. Brain 

tissues are high-energy-demanding to sustain various neu-
rophysiological processes viz neurotransmission and gen-
eration of action potentials [46]. Consequently, reduced 
cerebral glucose oxidation attenuates the rate of ATP pro-
duction with profound consequences on brain functions such 
as increased susceptibility to reactive oxygen species (ROS) 
induced neuronal damage [47]. Alcohol use induces ROS 
(especially at earlier time points) that preferentially damage 
membrane lipids including mitochondrial membrane lipids 
in neurons [48]. Earlier studies using similar approaches 
with 13C labeled substrates (glucose and or acetate) in 
mice have demonstrated reduced rates of neurotransmitter 
cycling flux and glucose oxidation in GABAergic and Glu-
tamatergic neurons with no changes in astroglia metabolic 
activity in cortical and subcortical regions of mouse brain 
after acute alcohol exposure [17]. Our results are indicative 
of perturbation of neuronal (Fig. 3) and astroglial (Fig. 5) 
metabolic activity following chronic alcohol use. This could 
result in reduced metabolic activity in Glutamatergic and 
GABAergic neurons after chronic alcohol usage. Reduced 
hippocampal metabolic activity has been associated with 
cognitive impairments, and mistakes in verbal memory tests 
in humans [49–51]. Besides, lower glutamatergic activity 
has been observed in AD mice [30, 52, 53]. Current litera-
ture suggests that reduced glutamatergic transmission might 
be responsible for memory loss in AD patients [54, 55]. It 
has been shown that neurotransmitter cycling and neuronal 
glucose oxidation are stoichiometrically coupled [19, 56]. 
Hence, the finding of reduced glucose oxidation in gluta-
matergic and GABAergic neurons in alcohol-treated mice 
is indicative of decreased glutamate-glutamine and GABA-
glutamine neurotransmitter cycling in the hippocampus of 
alcohol-treated mice.

The findings of the study further revealed an increased 
rate of acetate oxidation in the hippocampus and prefrontal 
cortex in alcohol treated mice (Fig. 5). The increased uptake 
of acetate has been reported in heavy drinkers [57]. Acetate 
is utilized specifically by astroglia, suggesting increased 
astroglial metabolic activity in alcohol-addicted mice. An 
increase in astroglial activity suggests astrogliosis response 
with neuroinflammation to chronic alcohol use. The brain 
can directly metabolize ethanol besides utilizing acetate pro-
duced by oxidation in the liver. Using [1,2-13C2]acetate and 
[2-13C]ethanol as labeled precursors, it has been shown that 
the brain can directly metabolize ethanol, and prior experi-
ence with chronic ethanol use enhances the utilization of 
ethanol in the brain, more specifically increased oxidation 
in the astroglial compartment [11].

Our results show increased expression of Gfap (Fig. 6) in 
hippocampus and prefrontal cortex suggestive of increased 
astroglia in alcohol administered mice. Additionally, sev-
eral of the genes involved in uptake of monocarboxylates 
in astrocytes viz., MCT1 and MCT4 were upregulated in 
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the hippocampus. These results are indicative of astrocyte 
dysregulation as both MCT1 and MCT4 are reported to be 
expressed in astrocytes [58]. There was no change in MCT2 
expression levels in the hippocampus, a monocarboxylate 
transporter expressed in neurons [59–61]. The finding of 
increased expression of IL6 in the hippocampus suggests 
the presence of neuroinflammation. Alcohol-induced neu-
roinflammation has been reported earlier [62]. Furthermore, 
recent studies have reported increased expression of GFAP 
and MCT1 in reactive astrocytes [63, 64], which are more 
detrimental to neuronal health [65, 66]. Some reports have 
observed an enhanced risk of PFC neuronal damage as 
compared to the hippocampus, in response to alcohol [67]. 
Another possibility of this differential expression pattern in 
astrocytes in the hippocampus and PFC can be the potential 
astrocyte-mediated indirect support of energy requirements 
for hippocampal neurons. Such mechanisms might protect 
hippocampal neurons relatively more, as compared to PFC 
neurons. However, further investigations are required to 
probe the possibility of differential expression of MCTs in 
providing neuroprotection.

There are some limitations to the study. In this study, ani-
mals were infused with [1,6-13C2]glucose for two min, and 
the brain metabolism was arrested at 7 min. It may be pos-
sible that there is a slight drop in blood glucose level during 
2 to 7 min. However, one may argue that a similar variation 
will occur in both groups of mice. In fact, the percent enrich-
ment of [1-13C]glucose in the blood plasma was similar in 
both groups of mice. Hence, the impact of any variation in 
glucose level during the measurement on the neurometa-
bolic flux will be nullified. Secondly, the neurometabolic 
measurement using single point infusion study assumes the 
build-up of 13C label into amino acids is linear during the 
10 min of measurement. Previous in vivo measurements in 
rats and mice have indicated that GluC4 and GABAC2 labe-
ling follows a sigmoidal curve that approached a steady state 
in 30–50 min depending on the anesthetics used [19, 26, 
29, 68–70]. Therefore, 13C labeling of GluC4 and GABAC2 
could be approximated to be linear during the first 20 min. 
Additionally, the label flown from GluC4/GABAC2 into GlnC4 
via neurotransmitter cycling is not accounted for CMRGlc(Glu) 
and CMRGlc(GABA). Moreover, there may be some loss of 
13C label as carbon dioxide. Hence, the rates of glucose 
oxidation in glutamatergic and GABAergic neurons may be 
underestimated. However, one may argue that the degree of 
underestimate in metabolic flux will be similar in alcohol-
treated and control mice. Hence, the changes in the respec-
tive metabolic fluxes would remain the same, and will not 
affect the conclusion of the study. A more accurate meas-
ure of the impact of chronic alcohol on cerebral metabolic 
fluxes associated with different pathways could be achieved 
by analysis of 13C turnover of amino acids from [1,6-13C2]
glucose [26, 29, 34]and [2-13C]acetate [27, 36, 71].

It may be possible that chronic ethanol exposure may 
affect liver pathology that will release different substrates 
into the blood, thus compensating for the glucose metabo-
lism in the brain. In this regard, it is noteworthy that ketone 
bodies play an important role in brain energy metabolism 
in prolonged fasting and pathological conditions [72, 73]. 
Moreover, the metabolism of the branched-chain amino 
acids such as valine, leucine, and isoleucine has been shown 
to be linked with glutamate homeostasis [74]. Additionally, 
glutamine from blood is transported to brain, and labels 
glutamate [75]. Hence, due to compromised liver metabo-
lism, BHB, branched-chain amino acids, and glutamine 
may be used as additional sources of energy in the ethanol-
treated mice. However, the plasma level of these metabo-
lites was found to be unperturbed in the alcohol-treated 
mice (Table S1). Hence, it is unlikely that ketone bodies 
and branched-chain amino acids compensate for the energy 
(ATP) deficiency associated with hypoglucose metabolism 
observed in the alcohol-treated mice (Table S4).

The findings of the study highlight that chronic alcohol 
use perturbs the neural circuitry in region specific as well 
as neural cell type specific manner. The reduction in neu-
ronal metabolic activity and enhanced astroglial activity is 
seen with memory inflexibility in mice exposed with chronic 
alcohol. Further, neurometabolic analysis and molecu-
lar measurements will provide better insights in addiction 
etiology.
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