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OBJECTIVE —Insulin may play important roles in brain metabolism. Proton magnetic reso-
nance spectroscopy ('H-MRS) of the central nervous system gives information on neuronal
viability, cellular energy, and membrane status. To elucidate the specific role of insulin action
in the brain, we estimated neurometabolites with "H-MRS and assessed their regulation by in-
sulin infusion and their relationship with insulin sensitivity.

RESEARCH DESIGN AND METHODS Ve studied 16 healthy young men. 'H-MRS
was performed at baseline and after 240 min of euglycemic-hyperinsulinemic clamp. Voxels
were positioned in the left frontal lobe, left temporal lobe, and left thalamus. The ratios of
N-acetylaspartate (NAA), choline-containing compounds (Cho), myo-inositol, and gluta-
mate/glutamine/y-aminobutyric acid complex (Glx) to creatine (Cr) and nonsuppressed water
signal were determined. The participants were divided into subgroups of high (high IS) and low
(low 1S) insulin sensitivity.

RESULTS —Baseline neurometabolic substrates were not different between the groups. Insulin
infusion resulted in an increase in frontal NAA/Cr and NAA/H,O and frontal and temporal Glx/
Cr and Glx/H,O and a decrease in frontal Cho/Cr and temporal Cho/H,O and myo-inositol/H,O
(all P < 0.05, except temporal Glx/H,O, P = 0.054, NS) in the high-IS, but not in the low-IS,
group. Insulin sensitivity correlated positively with frontal NAA/Cr and NAA/H, O and temporal
Glx/H,0O and negatively with temporal myo-inositol/Cr and myo-inositol/H,O assessed during
the second 'H-MRS (all P < 0.05).

CONCLUSIONS—Insulin might influence cerebral metabolites, and this action is impaired
in subjects with low whole-body insulin sensitivity. Thus, our results provide a potential link
between insulin resistance and altered metabolism of the central nervous system.
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iabetes is associated with an in-
creased risk of cognitive dysfunc-
tion and dementia, including
Alzheimer disease (1). Cognitive distur-
bances relative to age-matched controls
appear to be more pronounced in patients
with type 2 diabetes than in patients with

type 1 diabetes. Type 1 diabetic patients
with >30 years of diabetes have a similar
cognitive profile and less brain structural
magnetic resonance imaging (MRI) ab-
normalities than age- and education-
matched type 2 diabetic patients with
only 7 years of diabetes (2). Furthermore,
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many studies indicate that cognitive de-
cline and neurodegeneration are also in-
creased in prediabetes and the metabolic
syndrome (3). Chronic exposure to hy-
perglycemia and severe hypoglycemia
cannot fully explain the effects of diabetes
on the brain (2). Some data indicate that
vascular disease could contribute to ab-
normalities in cognition in diabetes (4).
By contrast, other studies reported that
adjustment for hypertension and other
vascular risk factors seemed to have no
effect on the relative risk of dementia in
diabetic patients (5,6). Furthermore,
brain abnormalities among obese adoles-
cents with type 2 diabetes without signif-
icant vascular disease were demonstrated
(7). Thus, the risk factors that primarily
drive the association between diabetes
and dementia need to be identified.
There is increasing evidence linking
insulin resistance to cognitive decline and
dementia (1). Insulin receptors are widely
expressed in the brain, with a particular
abundance in the hippocampus and the
cortex (8). Within the brain, insulin acts
as a modulator of food intake and energy
homeostasis, mainly by hypothalamic nu-
clei (9). Furthermore, brain insulin, in in-
teraction with other regulatory peptides
and neurotransmitters, can activate cog-
nitive processes. There is evidence that
insulin may play important roles in learn-
ing and memory (10). Insulin administra-
tion improved memory in both human
and animal studies (11-13). It was shown
that insulin signaling was altered in the
brain in Alzheimer disease (14), which is
the most common cause of dementia in
people with type 2 diabetes (15).
Neurometabolic substrates of human
brain function, which are imperceptible
to conventional structural MRI, may be
shown with proton magnetic resonance
spectroscopy (‘"H-MRS). "H-MRS allows
for the analysis of brain chemistry in
vivo and gives the opportunity to monitor
changes in the neurometabolites of
the human brain in different conditions.
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N-acetylaspartate (NAA) is a neuronal
amino acid that is used as a marker of
neuronal density and integrity (16).
NAA is reduced in disease states where neu-
ronal loss is evident, such as in tumors, and
reduction of NAA correlates with the de-
gree of neurodegeneration in neuropatho-
logical conditions, including dementia.
However, after transient ischemia and
brain injury without neuronal death,
NAA levels are able to recover, suggesting
that it is a marker of neuronal functionality
rather than neuronal density (17). The
choline (Cho) peak in 'H-MRS includes
phosphorylcholine, glycerophosphocho-
line, and a relatively negligible amount
of free Cho (18,19). The changes in
peak Cho can reflect altered cell mem-
brane synthesis and degradation and
might correspond to glial cell prolifera-
tion (18,19). Myo-inositol is a simple
sugar alcohol that is a putative glial cell
marker. It acts as an intracellular second
messenger and an osmoregulator, and it
is a cell membrane constituent (20). The
spectral peaks of glutamine, glutamate,
and y-aminobutyric acid (GABA) are
grouped together as Glx (21). Glutamate
is the most abundant excitatory amino
acid transmitter in the brain (22). Gluta-
mine is synthesized from glutamate
by glutamine synthetase in glia and con-
verted back to glutamate by glutaminase
(a mitochondrial enzyme) in neurons,
completing the glutamate-glutamine cy-
cle. This cycle is a sequence of events by
which an adequate supply of the neuro-
transmitter glutamate is maintained in the
central nervous system (17). Glutamate
can also be produced by the transamina-
tion of 2-oxoglutarate, an intermediate in
the tricarboxylic acid cycle (23). Gluta-
mate is also the precursor of GABA, the
major inhibitory neurotransmitter (24).
The creatine (Cr) signal refers to the
sum of Cr and phosphocreatine and re-
flects energy use. Except in trauma,
stroke, tumor, and hyperglycemic condi-
tions, Cr levels tend to remain relatively
unchanged (25-27). Therefore, Cr is used
as a putative internal standard against
which other metabolites can be compared
(25,26). The water peak is also used as an
internal reference, with the assumption
that the concentration of water does not
vary significantly between regions (26).
Metabolic alterations in cerebral tissues
on '"H-MRS were demonstrated in pa-
tients with impaired glucose tolerance
and type 2 diabetes (28).

So far, no studies have examined
the role of insulin in the regulation of

neurometabolites through assessment
with 'H-MRS, which reflects neuronal
density and integrity, markers of energy
metabolism or inflammation, as well as
neurotransmitters. Therefore, to elucidate
the specific role of insulin action in brain
functions, we quantified metabolites in
cerebral tissues with "H-MRS and as-
sessed their regulation by insulin infusion
and their relationship with insulin sensi-
tivity in young healthy men.

RESEARCH DESIGN AND
METHODS

Study group

The study group consisted of 16 appar-
ently healthy male volunteers. All study
participants had normal glucose tolerance
in the oral glucose tolerance test accord-
ing to World Health Organization criteria.
The exclusion criteria were morbid obe-
sity (BMI >40 kg/m?), extreme physical
activity, cardiovascular diseases, hyperten-
sion, infectious diseases, or other serious
medical problems. All study participants
were nonsmokers and not taking anti-
inflammatory drugs or drugs affecting
carbohydrate and lipid metabolism. They
followed the weight-maintaining diet for
at least the previous 3 months. Before en-
tering the study, the clinical examination
and appropriate laboratory tests were per-
formed. All analyses were performed after
an overnight fast.

Study protocol

All participants underwent a 1-day study
protocol that included a brain structural
MRI and 'H-MRS at basal state and then
the 240-min euglycemic-hyperinsulinemic
clamp study, combined with the second
brain structural MRI and '"H-MRS after
the clamp, in the conditions of euglycemic
hyperinsulinemia.

The study protocol was approved by
the local ethics committee of the Medical
University of Biatystok, and all subjects
gave their informed written consent be-
fore participation.

Anthropometry

The BMI was calculated as weight in
kilograms divided by the square of height
in meters. The waist circumference was
measured at the smallest circumference
between the rib cage and the iliac crest,
with the subject in the standing position.
Percentage of body fat was assessed by
bioelectric impedance analysis using the
Tanita TBF-511 Body Fat Analyzer (Tanita
Corp., Tokyo, Japan).

Insulin sensitivity

Insulin sensitivity was evaluated by the
euglycemic-hyperinsulinemic clamp
technique according to DeFronzo et al.
(29). On the morning of the study, two
venous catheters were inserted into ante-
cubital veins, one for the infusion of the
insulin and glucose and the other in the
contralateral hand for the blood sampling,
with that hand heated to about 60°C (30).
Insulin (Actrapid HM; Novo Nordisk, Co-
penhagen, Denmark) was given as a
primed continuous intravenous infusion
for 240 min at 40 mU * m ™% - min ", re-
sulting in constant hyperinsulinemia of
about 80 wlU/mL. Arterialized blood glu-
cose was obtained every 5 min, and 20%
dextrose (1.11 mol/L) infusion was ad-
justed to maintain a glucose level at 5
mmol/L. The rate of whole-body glucose
uptake (M value) was calculated as the
mean glucose infusion rate during the last
40 min of the clamp, corrected for the glu-
cose space and normalized for fat-free mass
(ffm). Then, participants were divided into
subgroups of high insulin sensitivity (high
1S) (above median from the clamp study,
8.86 mg/kg fim/min, n = 8; M = 11.54 =
2.71 mg/kg ffm/min) and low insulin sen-
sitivity (low 1IS) (below median, n = 8; M =
7.19 = 1.87 mg/kg ffm/min).

After the 4-h clamp, the second
structural MRI and '"H-MRS were per-
formed. During the second brain struc-
tural MRI and "H-MRS, we prolonged
insulin infusion at the same rate as dur-
ing the clamp study. The glucose infu-
sion rate was continued as during the
end of the 4-h period. To maintain eu-
glycemia, the measurement of blood
glucose was performed every 10 min,
and 20% dextrose infusion was appro-
priately adjusted. Steady-state insulin
concentration did not differ during the
clamp and the second brain structural
MRI and 'H-MRS.

MRI and '"H-MRS

Brain structural MRI imaging and
"H-MRS examinations were performed
ona 1.5 T scanner (Picker Eclipse; Picker
International Inc., Highlands Heights,
OH) with the use of a standard circularly
polarized head coil. Imaging sequences
included T1-weighted 5-mm-thick sec-
tions and axial T2-weighted series.
"H-MRS examinations were performed
with a single voxel point-resolved single
voxel localized spectroscopy (PRESS) se-
quence with repetition time (TR) = 1,500
ms, echo time (TE) = 35 ms, number of
excitations = 192, and 2-kHz bandwidth.
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Figure 1—'H-MRS spectrum obtained from left frontal lobe of the subject from the examined
group. Thick gray line represents the raw spectrum; thin black line is the best-fitted spectrum.

ml, myo-inositol.

Voxels of 2 X 2 X 2 cm” were positioned
in the following regions of interest: left
frontal lobe, left temporal lobe, and left
thalamus.

The signal over the voxel of interest
was shimmed to within a line width of 3—
7 Hz, and then an unsuppressed signal of
water was acquired with eight excitations.
Subsequently, the multiply optimized in-
sensitive suppression train (MOIST)
method was used for suppressing the sig-
nal from water.

Spectroscopic data were analyzed us-
ing the software package Via 2.0 E pro-
vided by Picker. The "H-MRS data were
zero filled to 4,096 points. Residual
water resonances were removed using

time-domain high-pass filtering. Exponen-
tial to Gaussian transformation was applied
as a time-domain apodizing filter. Then
data were Fourier transformed and phase
corrected. After application of a Legendre
polynomial function to approximate the
baseline, an automated curve fitting was
performed using an iterative, nonlinear
least squares fitting procedure by the
means Levenberg-Marquardt algorithm.
Line shapes of the simulated peaks used
in the fitting process were fixed with 85%
Gaussian and 15% Lorentzian fractions.
Metabolites to Cr ratios were ana-
lyzed, and the ratios of metabolites to
nonsuppressed water signal were calcu-
lated according to the following formula:

Table 1—Clinical characteristics of the studied groups

High-IS group, n =8

Low-IS group, n =8

Age (years) 2425 *2.12 27.75 * 3.61
BMI (kg/m?) 25.17 £ 2.91 26.94 = 4.26
Waist (cm) 89.25 + 10.31 95.00 + 11.26
% body fat 2053 = 7.73 2233+ 723
Fasting glucose (mg/dL) 84.55 +7.22 85.30 * 9.67
Postload glucose (mg/dL) 71.21 = 13.90 83.34 £ 19.13
Fasting insulin (wIU/mL) 0.12 £ 281 13.47 £ 5.09
Postload insulin (uIU/mL) 14.80 = 8.99 2222 = 14.26
Total cholesterol (mg/dL) 164.07 * 33.64 169.62 £ 21.93
Triglycerides (mg/dL) 92.46 = 38.53 104.21 = 67.80
HDL cholesterol (mg/dL) 55.45 = 8.65 54.91 = 10.03
LDL cholesterol (mg/dL) 90.81 *+ 30.64 04.14 = 20.71

Data are presented as mean * SD. *P < 0.05 high-IS vs. low-1S group.

Karczewska-Kupczewska and Associates

metabolite area X 1,000/nonsuppressed
water area.

The following peaks were assessed:
NAA at 2.01 ppm and Cr at 3.03 ppm,
Cho at 3.22 ppm, Glx complex in the area
from 2.11 to 2.45 ppm, and myo-inositol
at 3.56 ppm (Fig. 1).

Biochemical analysis

Plasma glucose was measured immedi-
ately by the enzymatic method using a
glucose analyzer (YSI 2300 STAT Plus;
YSI Life Sciences, Yellow Springs, OH) for
the oral glucose tolerance test and clamp
studies. Serum total cholesterol, HDL
cholesterol, and triglycerides were assessed
by an enzymatic method using commer-
cial kits produced by ANALCO-GBG
(Warsaw, Poland). The concentration of
LDL cholesterol was calculated from the
Friedewald formula: LDL cholesterol =
total cholesterol — triglycerides/5 — HDL
cholesterol (mg/dL) (31). Before estima-
tion of the serum concentrations of insu-
lin, the samples were kept frozen at
—80°C. The serum insulin was measured
with immunoradiometric assay (Bio-
Source Europe, Nivelles, Belgium). The
sensitivity of the assay was 1 pIU/mL,
and the intra-assay and interassay coeffi-
cients of variation were below 2.2 and
6.5%, respectively.

Statistical analysis

The statistics were performed with the
STATISTICA 8.0 program (StatSoft, Kra-
kow, Poland). The variables, which did
not have a normal distribution, were log
transformed before analyses. For the pur-
pose of the data presentation, these var-
iables were antilog transformed again to
absolute values in the resuLts. The dif-
ferences between the groups were esti-
mated with ANOVA. Repeated-measures
ANOVA with planned comparisons was
used to assess the difference between the
brain metabolites on "H-MRS at baseline
and in response to hyperinsulinemia.
The relationship between the variables
was studied with the Pearson product-
moment correlation analysis. The level
of significance was accepted at P < 0.05.

RESULTS —The clinical characteristics
of the studied groups are given in Table 1.
The groups did not differ in BMI, waist
circumference, % body fat, fasting plasma
glucose, and insulin concentrations (Ta-
ble 1), although subjects with low IS ten-
ded to have higher fasting serum insulin
(P =0.052; NS).
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Baseline NAA, Cho, myo-inositol, and
Glx in the frontal and temporal regions and
thalamus were not different between high-
IS and low-IS groups after correction for
both Cr and H,O (Tables 2 and 3).

NAA/Cr and NAA/H,O in the frontal
region increased in response to hyperin-
sulinemia in high-IS subjects (P = 0.0018
and P = 0.007, respectively), but not in
the low-1S group. In the high-IS group, a
decrease in frontal region Cho/Cr (P =
0.044) and a decrease in temporal region
Cho/H,O (P = 0.032) and myo-inositol/
H,O (P = 0.015) during insulin infusion
were observed, which was not the case in
the low-IS group. Frontal and temporal
region Glx/Cr and Glx/H,0O increased in
response to hyperinsulinemia in the
high-IS group (frontal region, Glx/Cr, P =
0.0033, Glx/H,O, P =0.0065; temporal re-
gion, Glx/Cr, P = 0.002, GIx/H,0O, P =
0.054, NS). There were no significant
changes in the estimated parameters in
the low-IS group (all P > 0.15, except fron-
tal GIx/Cr, P = 0.078) (Tables 2 and 3).

In consequence of these changes,
frontal NAA/Cr and NAA/H,O ratios as-
sessed during the second '"H-MRS were
higher in the high-IS group in compari-
son with the low-IS group (P = 0.0004
and P = 0.01, respectively). Temporal
myo-inositol/Cr and myo-inositol/H,O ra-
tios assessed during insulin infusion were
lower in the high-IS group in comparison
with the low-1S group (P =0.032 and P =
0.015, respectively). Frontal and tempo-
ral Glx/Cr and GIx/H,O ratios assessed
during the second 'H-MRS were higher
in the high-IS group in comparison with
the low-IS group (frontal region, Glx/Cr,
P = 0.04, Glx/H,O, P = 0.029; temporal
region, Glx/Cr, P = 0.057, NS, Glx/H,0,
P =0.032) (Tables 2 and 3).

When all 16 subjects were analyzed
together, an increase in frontal Glx/Cr (P =
0.017) and Glx/H,O (P = 0.008) and tem-
poral Glx/Cr (P =0.015) and a decrease in
temporal Cho/H,O (P = 0.005) were ob-
served during insulin infusion.

We observed significant correlations
between insulin sensitivity and frontal
NAA/Cr (r = 0.78, P < 0.001) (Fig. 2)
and NAA/H,O (r = 0.65, P = 0.006) and
temporal myo-inositol/Cr (r = —0.67, P =
0.012), myo-inositol/H,O (r = —0.81,
P < 0.001) (Fig. 2), and Glx/H,O (r =
0.63, P =0.012) assessed during the sec-
ond "H-MRS.

We also observed significant correla-
tions between percent body fat and base-
line temporal myo-inositol/H,O (r = 0.55,
P = 0.027). Waist circumference was

related to baseline temporal myo-inositol/
H,O (r = 0.57, P = 0.02). Baseline tem-
poral myo-inositol/Cr and myo-inositol/
H,O were related to total cholesterol
(r=0.61,P=0.011 and r = 0.56, P =
0.025, respectively) and LDL cholesterol
(r=0.62,P=0.01 and r=0.54, P=0.03,
respectively). Baseline temporal myo-
inositol/H,O and Cho/H,O were also
related to triglycerides (r = 0.60, P =
0.015and r=0.57,P=0.022, respectively).
No correlations between BMI and neuro-
metabolites were observed.

The correlations and all significant
differences (before and during insulin
infusion) observed in the high-IS group
were still significant after excluding
one subject with the highest insulin
sensitivity.

CONCLUSIONS —The main finding
of our study is that insulin infusion
resulted in significant changes of brain
neurochemistry on 'H-MRS in young
healthy men with high IS but not with
low IS. In particular, we observed an in-
crease in frontal NAA/Cr and NAA/H,O
and frontal and temporal Glx/Cr and Glx/
H,O and a decrease in frontal Cho/Crand
temporal Cho/H,O and myo-inositol/
H,O in young healthy men with high in-
sulin sensitivity.

The metabolites in our study were
calculated for Cr, which is altered in
hyperglycemic conditions (27). However,
we conducted our experiments under a
euglycemic state, which should not affect
Cr, and we also corrected all metabolites
for H,O signal.

We found that NAA after correction
for both Cr and H,O in the frontal cortex
increased in insulin-stimulated condi-
tions in high-IS subjects but not in the
low-IS group. In consequence of these
changes, frontal NAA/Cr and NAA/ H,O
ratios assessed during the second "H-MRS
were higher in the high-IS group in com-
parison with the low-1S group. The base-
line NAA/Cr and NAA/H,O ratios in the
frontal lobe were not different between
the high- and low-IS groups. Of note is
the fact that insulin infusion revealed dif-
ferences in young healthy men according
to their insulin sensitivity. NAA is used
as a marker of neuronal metabolism.
Our data suggest that insulin could im-
prove neuronal metabolism in healthy
subjects with better insulin action. Sahin
etal. 28) found decreased NAA/Cr ratios
in the frontal cortex of type 2 diabetic pa-
tients with higher hemoglobin A;. levels
(>10%). Reduced NAA has been also

Table 2—Brain metabolite-to-Cr ratios at baseline and during hyperinsulinemia in the studied groups

Temporal region

Cho/Cr

Thalamus

Cho/Cr

Frontal cortex

Cho/Cr

GIx/Cr

ml/Cr

Glx/Cr NAA/Cr

ml/Cr

Glx/Cr NAA/Cr

ml/Cr

NAA/Cr

High-IS group

1.83 £0.17 0.78 = 0.08 0.55 = 0.09 2.62 £ 0.42 1.76 £ 0.42 0.94 £ 0.16 0.79 = 0.25 3.04 = 0.69
1.87 £ 0.18 0.86 = 0.09 0.60 = 0.07 2.55 £ 0.15 2.00 £ 0.44 0.85 = 0.12 1.04 = 051 2.92 = 0.53

1.87 £0.21 0.84 = 0.07 0.50 = 0.08 2.63 £ 0.42 1.63 £0.23 097 =0.13 0.73 = 0.14 2.86 = 0.55

2.04 = 0.20%# 0.92 £ 0.10* 0.71 = 0.14 3.15 * 0.73*# 1.86 £ 0.26 0.84 = 0.13 0.54 = 0.13 248 £ 049 1.74 £ 0.77 0.90 = 0.18 0.52 = 0.22# 3.87 = 1.09*#

Data are presented as mean £ SD. ml, myo-inositol. *P < 0.05 for the values obtained at baseline vs. hyperinsulinemic conditions. #P < 0.05 for the values obtained in high-IS vs. low-IS group.
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reported in patients with atherosclerotic
cerebral disease (32). Chronic exposure
to hyperglycemia and cerebrovascular
disease independently will turn out neu-
ronal dysfunction or accelerate neuronal
damage. However, our data indicate that
the young healthy subjects with normal
glucose metabolism and without vascular
diseases but with low IS could have im-
paired neuronal metabolism. This indi-
cates that altered insulin signaling could
be a primary risk factor for neuronal dys-
function. Our data provide the first evi-
dence that low NAA might be associated
with an impaired insulin action even
without clinically evident pathology.
This might provide a potential link for
the previously observed associations be-
tween apparent pathological conditions
and low NAA and might also reflect re-
duced neuronal mass in these diseases.
NAA is synthesized mostly in mitochon-
dria (17), and our data indicate that insu-
lin might affect mitochondrial processes
in neurons. Impaired insulin signaling
could play a role in Alzheimer disease
pathogenesis. A decrease in the NAA/Cr
ratios, in both cortical and/or limbic
structures, was observed in patients with
Alzheimer disease (21). Importantly, we
observed significant positive correlations
between insulin sensitivity and frontal
lobe NAA/Cr and NAA/H,O ratios in
insulin-stimulated conditions. It was shown
that homeostasis model assessment of in-
sulin resistance levels were inversely cor-
related with parietal white matter NAA/Cr
ratios in type 2 diabetic patients (28). In-
terestingly, in another study, an altered in-
sulin effect on cerebrocortical activity as
assessed by magneto-encephalography
was shown in conditions associated with
peripheral insulin resistance (33).

Frontal and temporal lobe Glx/Cr and
GIx/H,O increased during the clamp in
the high-IS group. The balance of glu-
tamatergic and GABAergic transmission
is required to maintain proper brain
function (10). Emerging evidence has
suggested that insulin signaling plays a
role in synaptic plasticity by modulating
the activities of excitatory and inhibitory
receptors, such as glutamate and GABA
receptors, and by triggering signal trans-
duction cascades, leading to an alterna-
tion of gene expression that is required
for memory consolidation (10). Our data
indicate that insulin could influence glu-
tamatergic and GABAergic transmission
in frontal and temporal lobes, and the
insulin influence of this neurotransmis-
sion could be altered in healthy humans

Karczewska-Kupczewska and Associates

with low IS. The limitation of our study is
that we cannot discriminate between glu-
tamate, glutamine, and GABA within the
Glx spectrum. However, previous data
(17) indicate that glutamate is the main
metabolite in the Glx spectrum. As glu-
tamate mainly reflects neuronal metabo-
lism, we hypothesize that the observed
increase in Glx after insulin indicates
the hormone influence on neuronal me-
tabolism and transmission. Because glu-
tamate metabolism is connected with
mitochondria (23), insulin could influ-
ence glutamatergic activity by affecting
mitochondrial processes in neurons. In
future studies, it would be advisable to
also assess the glutamine/glutamate ra-
tio, as it is a better marker of glutamater-
gic activity than each concentration
separated (17). Glx may be a measure
of glutamate-glutamine cycling activity
(34). Importantly, we observed significant
correlations between insulin sensitivity and
the insulin-stimulated temporal Glx/H,0O
ratio. It has been discovered by functional
MRI that insulin, when given to healthy
human adults under euglycemic clamp to
maintain normal blood glucose levels, re-
sults in activation of the medial temporal
lobe, including the hippocampus, a struc-
ture critically required for processing de-
clarative memory (35).

We observed a decrease in the tem-
poral lobe myo-inositol/H,O ratio in the
high-IS group, which was not the case in
the low-1S group. Myo-inositol is involved
in the metabolism of cell membrane ino-
sitol phospholipids, which is fundamen-
tal for cellular signal transduction. It is a
substrate for the components of the phos-
phoinositide pathways (36). The activa-
tion of the insulin receptor stimulates
the routes for inositol lipid metabolism
associated with phosphatidylinositol 3-
kinase and production of the phosphory-
lated derivatives of phosphoinositide,
which are second messengers in cellular
signal transduction (10). The decrease in
myo-inositol during insulin infusion in
the high-IS group could be connected
with an increase in the concentrations of
phosphorylated derivatives of phosphoi-
nositide. Impaired insulin signaling in
insulin-resistant subjects may result in
decreased concentrations of the inositol
metabolites in these pathways and could
lead to an increase in brain myo-inositol
levels in insulin resistance. In our study,
insulin sensitivity inversely correlated
with temporal myo-inositol/Cr and myo-
inositol/H,O ratios assessed during the
second 'H-MRS. In the study of Sahin
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Figure 2—Relationships between insulin sensitivity and frontal NAA/Cr (A) and temporal myo-inositol/H,O (B) during insulin infusion in the

entire study population (n = 16).

et al. (28), there was an increase in the
myo-inositol/Cr ratio in the frontal cortex
in type 2 diabetic subjects in comparison
with controls. In the same study, the
change in the myo-inositol/Cr ratio ob-
tained from the frontal cortex, thalamus,
and parietal white matter was similar for
patients with impaired glucose tolerance
and type 2 diabetes. These findings may
suggest a role for increased insulin resis-
tance in causing the observed changes
(28). Some data indicate that the accumu-
lation of myo-inositol within the brain of
diabetic subjects is associated with
chronic hyperglycemia. Myo-inositol as a
major organic osmolyte could regulate
brain osmotic adaptation in hyperglyce-
mic conditions (17), which is not the
case in our study.

Interestingly, reduced phosphoinosi-
tide concentrations were found in the
anterior temporal cortex of a brain with
Alzheimer disease (36). Furthermore, it
has been shown that the activity of phos-
phatidylinositol kinase was reduced in
the postmortem brains of patients with
Alzheimer disease (36). These data may
suggest that alteration in phosphoinosi-
tide pathways could promote the en-
hancement of myo-inositol levels in the
brain. Indeed, an increase in myo-inositol
levels has been frequently reported in the
brain with Alzheimer disease. It has been
suggested that myo-inositol was a marker
of glial proliferation in this disease (37).
In several neurological disorders, myo-
inositol was found to be increased, and
this is generally assumed to be a marker
of gliosis, based on the fact that higher
myo-inositol levels are found in cultured

astrocytes as compared with neurons in
vitro (17). However, in the study by
Duarte et al. (27) brain myo-inositol levels
did not correlate with the molecular
marker of gliosis.

In our study, in the high-IS group,
but not in the low-IS group, a decrease in
frontal region Cho/Cr and temporal re-
gion Cho/H,0O in the insulin-stimulated
condition was observed. The decrease in
Cho during the clamp could be the result
of using Cho-containing compounds in
the synthesis of neurotransmitters. Some
data showed an increase of Cho in both
the white matter and the gray matter of
type 2 diabetic patients when compared
with patients with type 1 diabetes (38).
Sahin et al. (28) showed an increase in
frontal cortical Cho/Cr in patients with
impaired glucose tolerance. Authors
suggested that this finding may indicate
a demyelinating process. Our results
indicate that insulin could influence
membrane turnover, and in insulin-
resistant subjects, these processes could
be altered.

We cannot exclude the possibility
that the low-1S group may have shown
changes if studied longer. On the other
hand, a 4-h period was sufficient to in-
duce changes in high-IS subjects with no
significant changes in the low-IS group.

In our study, the changes in the brain
neurochemistry under hyperinsulinemic
conditions were observed only in the
frontal and temporal region and not in
the thalamus. Lack of the changes in
neurometabolites in the thalamus might
indicate that the alterations observed in
other areas of interest are not related to a

different amount of glucose infused. It
might be related to the higher density of
insulin receptors in these regions in com-
parison with the thalamus (39).

The potential limitation of our study
is the clinical relevance of low 1S/insulin
resistance derived from clamp, given the
lack of differences in other studied pa-
rameters, for instance, BMI. However,
this approach allowed us to analyze the
results only with respect to insulin action,
without any confounding factors. Clamp-
derived insulin sensitivity was reduced by
37.7% in the low-1S group in comparison
with the high-IS group. Insulin resistance
is an important risk factor for type 2
diabetes, cardiovascular disease, and Alz-
heimer disease (1). Indeed, in a recently
published study, an impaired insulin ac-
tion in the postmortem brains of patients
with Alzheimer disease was demonstrated
(40).

Our data show that insulin might
influence cerebral metabolites, and this
action is impaired in subjects with low
whole-body insulin sensitivity. Thus, our
results provide a potential link between
insulin resistance and altered metabolism
of the central nervous system.
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