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A B S T R A C T

Prediabetes is a highly prevalent stage of early metabolic dysfunction that poses a high risk for cardiovascular
and cognitive impairment without a clear pathological mechanism. Here, we used a non-obese prediabetic rat
model previously developed in our laboratory to examine this mechanism. These rats were subjected to a mild
metabolic challenge leading to hyperinsulinemia without hyperglycemia or obesity. This was associated with
impaired hippocampal-dependent cognitive functions together with an augmented cerebrovascular myogenic
tone. Consequently, hippocampal expression of hypoxia-inducible factor-1α increased, together with markers of
mitochondrial dysfunction and oxidative stress. In parallel, the phosphorylation of Akt and mTOR increased in
the prediabetic rat hippocampus alongside increased expression of p62 and LC3 puncta indicating a possible
repression of autophagic flux. Neuroinflammation and neuronal apoptosis were detected in the hippocampal
CA1 area as increased CD68 and IBA-1 staining, as well as increased TUNEL staining and caspase-3 activity,
respectively. Treatment with metformin or pioglitazone, at a previously determined vasculoprotective non-hy-
poglycemic dose, reversed the cerebrovascular and hippocampal molecular alterations and ameliorated cogni-
tive function. The present study proposes a mechanistic framework whereby prediabetic cerebrovascular im-
pairment potentially leads to a mild hypoxic state that is exacerbated by the metabolic dysfunction-driven
suppression of neuronal autophagy leading to cognitive impairment.

1. Introduction

Type 2 diabetes represents a global pandemic with projected steep
rises in incidence and prevalence over the next 20–30 years [1]. This
was brought about by lifestyle and environmental changes [2], speci-
fically pertaining to an increased intake of refined diets low in fiber and
rich in sugars and saturated fat [3]. With considerable health impact,
the detrimental outcome of these metabolic disorders is not only re-
stricted to increased risk of cardiovascular mortality and morbidity [4],
but also accelerated cognitive decline [5]. Interestingly, research

findings showed that indicators of both vascular and cognitive dys-
function could co-exist in the prediabetic stage preceding the diagnostic
features of type 2 diabetes [6].

Prediabetes represents an early stage of metabolic impairment
characterized by insulin resistance and glucose intolerance, with an
increased risk of vascular complications [7]. While evidence supports a
clear role for diabetes as a risk factor for cognitive decline [8], results
regarding the prediabetes-associated risk had been less conclusive, with
studies implicating prediabetes [9], and others failing to establish an
association [10]. However, recent evidence from large longitudinal and
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cross-sectional population-based studies implicated this disorder in the
development and progression of cognitive impairment in humans. A
nine-year cohort study showed that prediabetic patients with slightly
elevated but sub-diagnostic glycosylated hemoglobin (HbA1c) levels,
had an accelerated decline in cognitive function, assessed by the Mini-
Mental State Examination, compared to metabolically healthy in-
dividuals [5]. Moreover, a large cross-sectional study showed that non-
diabetic patients with impaired fasting or post-prandial blood glucose
scored worse on cognitive function tests compared to control subjects
[11]. Specifically, non-diabetic individuals with insulin resistance
showed reduced cognitive performance, memory, and executive func-
tion compared to metabolically healthy individuals [12]. Several me-
chanisms link hyperglycemia to the development of neuronal in-
flammation and cognitive impairment, including increased neuronal
polyol pathway flux, increased advanced glycation end-product-medi-
ated neuronal injury, increased protein kinase C activity, and increased
reactive oxygen species production [13]. In addition, the blood-brain
barrier leakiness seems to contribute to neuronal inflammation in ad-
vanced metabolic dysfunction including diabetes and obesity [14].
However, the mechanisms through which cognitive dysfunction de-
velops during prediabebtes and insulin resistance are far less clear, al-
beit a vascular component had been suggested [5,12].

On the other hand, metabolic dysfunction is associated with a re-
duction of cerebral blood flow to the extent observed in patients with
Alzheimer’s dementia [15]. Interestingly, these cerebrovascular ab-
normalities known to lead to cognitive decline are not only common in
diabetes [16], but also occur in the prediabetic stage [17], where in-
sulin resistance contributes to endothelial dysfunction and increased
cerebrovascular tone [6]. Indeed, a number of previous studies reported
increased cerebrovascular tone in animal models of prediabetes and
insulin resistance [18,19] potentially contributing to chronic yet mild
cerebral ischemia.

Whereas metabolic disease accelerates cognitive decline, activation
of neuronal autophagy reverses the age-related memory deficits [20].
Autophagy is a process of self-digestion whereby the cellular machinery
recycles misfolded proteins and dysfunctional organelles, an essential
activity in quiescent terminally differentiated neuronal cells [21]. A
considerable body of evidence implicates the reduction of autophagy in
the pathogenesis of neurodegenerative disease and associated cognitive
impairment [22–25]. Interestingly, several studies showed that autop-
hagy is suppressed in metabolic disorders with insulin resistance in the
liver [26], and muscle [27]. As well, there has been no paucity of
evidence linking insulin resistance to increased protein aggregates in
the brain [28,29], even in the absence of hyperglycemia [30], yet the
contributory role of autophagy and the effects of its potential sup-
pression or activation remain largely unknown.

As such, we hypothesized that prediabetic metabolic dysfunction
could lead to cognitive impairment via altering cerebrovascular and
neuronal autophagic functions. Whereas increased cerebrovascular tone
would limit blood supply and initiate hypoxic damage, suppression of
autophagy potentially aggravates the insult by reducing neuronal turn-
over of damaged organelles/molecules. To study this, we examined the
cognitive and cerebrovascular functions of a rat model developed in our
laboratory by exposure to a mild metabolic challenge [31–33]. These
rats fed a mild hypercaloric diet demonstrate increased serum insulin,
dyslipidemia, and adipose inflammation without an increase in body
weight, hyperglycemia, or hypertension following twelve weeks of
feeding on this diet. Nevertheless, progressive loss of fasting and
random blood glucose control occurs after 16 weeks of exposure to mild
hypercaloric diet leading to development of significant hyperglycemia
indicative of type 2 diabetes by 24 weeks. Perivascular adipose in-
flammation in this rat model triggers vascular dysfunction with in-
creased contractility, endothelial dysfunction, and increased vascular
oxidative stress [31–33]. In the present study, we extended our in-
vestigation to examine the impact of this early metabolic dysfunction
on cerebrovascular tone and cognitive function. Our results showed

that endothelial dysfunction and increased cerebrovascular tone in this
model were associated with signs of hippocampal hypoxia, mitochon-
drial dysfunction, suppression of autophagy, and increased hippo-
campal inflammation and apoptosis. This was coupled with a cognitive
deficit that was ameliorated by treatment with metformin or pioglita-
zone, as examples of anti-diabetic drugs used to treat insulin resistance.

2. Methods

2.1. Ethical approval

All animal experiments performed in this study were conducted as
per an animal protocol approved by the American University of Beirut
Institutional Animal Care and Use Committee and are in accordance
with the Guide for Care and Use of Laboratory Animals issued by the
National Academy of Science [34].

2.2. Animal treatment

Forty Male Sprague-Dawley rats (4–5 weeks of age; ≈150 g) were
allocated randomly to four treatment groups (10 rats per group) and
kept for 12 weeks: (1) Control group receiving normal chow (ENVIGO,
Teklad Rodent Diets, Madison, WI) providing 3 kcal/g, (2) MHC group
receiving mild hypercaloric diet providing 4.035 kcal/g, (3) MHC-met
group receiving MHC diet and treated with 100 mg/kg metformin at
week 10, (4) MHC-pio group receiving MHC diet and treated with
2.5 mg/kg pioglitazone at week 10. Rats were caged individually in a
standard controlled environment. Daily calorie intake was recorded and
MHC diet was prepared according to the recommendations of the
American Institute of Nutrition (AIN-93M) [35] as described previously
[32,33]. All rats were handled for 2 min by the experimenters and
habituated to the housing, testing room, and the empty Y maze used for
cognitive testing for a total of 5 min daily, 5 consecutive days before the
experiment. Drug treatment was performed as described previously
[33]. Animals were fasted overnight prior to sacrifice. At the time of
sacrifice, animals from each group were alternated between three dif-
ferent protocols: injection of Evans Blue dye, transcardiac perfusion and
fixation, or brain collection for dissection for myography and flash
freezing of dissected hippocampus in liquid nitrogen.

Three additional groups of six rats were used for pilot and con-
firmatory experiments. Two groups were used in parallel as control and
MHC-fed groups kept for 24 weeks to ascertain the development of
hyperglycemia at this time point in order to confirm the prediabetic
nature of our rat model. The third group was fed control diet for
8 weeks and then switched to MHC diet for four weeks to determine if
the change in dietary composition was associated with cognitive effects
that preceded the development of the metabolic changes.

2.3. Nuclear magnetic resonance

LF10 Minispec Nuclear Magnetic Resonance (NMR) machine
(Bruker, MA, USA) was used to measure rat fat/lean ratio to detect
different tissue densities. The values obtained from each rat are com-
pared to a standardized, calibrated rat.

2.4. Behavioral testing

Previous studies reported an early deficit in hippocampal-dependent
functions upon metabolic challenge preceding these observed in func-
tions related to other brain centers [36,37]. The cognitive tests used in
this study, to assess hippocampal-dependent function, require motor
and muscle coordination, therefore we assessed the rats motor power
using an accelerating rotarod test as described previously to rule out
any deficits [24]. The latency to fall, revolutions per minute of falling,
and distance traveled on the rod were recorded, and the average value
obtained from the four trials of the second test day was used for
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analysis.

2.4.1. Spontaneous object recognition using Y-maze
Hippocampal-dependent recognition memory was assessed using a

test of spontaneous novel object recognition in a Y-maze as described
previously [38,39]. Briefly, the rats were habituated to the empty maze
for 1 min, 5 days before the test. The test was conducted over 2 trials,
2 min each, with 15 min inter-trial delay. The rat was placed in the
middle arm of the maze and allowed to explore freely. During the first
trial (learning phase), two identical objects were placed equidistantly in
the right and left arms of the maze (A, A′). During the second trial
(discrimination trial), the familiar object in the left arm was replaced
with a novel object (B). The maze and objects were wiped with 70%
ethanol between trials to eliminate odor build-up. Novelty preference
scores were calculated based on the time spent exploring the different
objects as indicated previously [38]. The time spent by each animal
touching, sniffing, or turning around each object with head directed
towards the object not more than 2 cm radius was considered ex-
ploration time.

2.4.2. Morris water maze (MWM)
Spatial learning and memory (acquisition and recall) were assessed

using the MWM test as previously described [39,40]. A circular plastic
pool 1.5 m in diameter) was filled with 25 °C water. At least 3 spatial
cues visible to the rats were kept constant in the room, with the ex-
perimenter standing in the same location throughout the testing period.
On the first testing day, considered a habituation day, rats were allowed
to swim for 2 min freely. During the spatial acquisition trials on days
2–5, an “invisible platform” was placed 2 cm below the water surface in
the Northeast Quadrant (Platform Quadrant). Rats were placed in the
pool at four different equidistant immersion sites (north, east, south,
and west). If a rat failed to find the platform in 2 min, the experimenter
guided and placed the animal on it for 30 s. Immersion landmarks se-
quence was changed every day. On testing day 6, the platform was
removed, and rats were introduced to the maze starting at a position
across from the platform quadrant. Rats were allowed to swim freely for
2 min to assess spatial memory. Monitoring of the ability of the rats to
swim to a visible platform was done on the last day to assess their motor
and visual functions. The animals were dried and kept in their home
cages in the testing room between trials.

The Spontaneous object recognition test preceded the Morris Water
Maze test. All behavioral tests were video recorded and analyzed with
the automated SMART Video Tracking software (Panlab, Holliston, MA)
with the camera suspended above the testing fields

2.5. Assessment of blood-brain barrier leakiness

Two percent Evans Blue dye solution in physiological saline was
filtered and injected intraperitoneally at a 4 ml/kg dose to each rat 24 h
before sacrifice [41]. At sacrifice, rats were subjected to transcardiac
perfusion with 50 ml of ice-cold PBS then brain tissue was removed and
divided into right and left hemispheres. The left hemisphere was
weighed and snap-frozen in liquid nitrogen then stored at −80 °C. To
extract and quantify the amounts of Evans Blue dye in brain tissue, the
left hemisphere was homogenized in 2 ml ice-cold PBS then sonicated
for 20 min (30-s on, 30-s off). Samples were then centrifuged at
14,000 rpm for 10 min at 4 °C. Equal volumes of the supernatant were
added to 60% trichloroacetic acid (TCA) solution. Samples were placed
on a rotor for 1 h at 4 °C and then centrifuged at 14,000 rpm for 10 min
at 4 °C. A PBS blank and a duplicate of each sample (200 µL) were
added to a 96-well plate then the fluorescence was measured using
TriStar2 S LB 942 Multimode Reader (Bethold, Bad Wildbad, Germany)
at an excitation and emission wavelengths of 485 nm and 530 nm, re-
spectively. To serve as a positive control, the same test was conducted
on a group of 3 rats that were rendered diabetic after 8 weeks of HFD
feeding by a single intravenous injection of streptozotocin injection

(40 mg/kg) dissolved in citrate buffer. Their diabetic status was con-
firmed by random blood glucose measurement showing weekly read-
ings consistently above 300 mg/dl.

2.6. Pressure myography

Rat middle cerebral arteriole segments were set up for pressure
myography experiments as described previously [33]. In pressure ramp
experiments, the pressure was dropped to 10 mm Hg after myogenic
tone development and then gradually raised in a series of steps to 10,
20, 40, 60, 80, 100, 120, 140 mm Hg. The outer diameter of the vessel
was measured at each pressure point. The pressure was then dropped
back to 10 mm Hg and the vessel was washed and kept in a calcium-free
buffer containing (NaCl 130 mM, KCl 4 mM, MgSO4·7H2O 1.2 mM,
NaHCO3 4 mM, HEPES 10 mM, KH2PO4 1.18 mM, Glucose 6 mM, EDTA
0.03 mM, EGTA 2 mM, pH 7.4) and the ramp was repeated. Active tone
was calculated as the difference in the outer diameter of the middle
cerebral artery when in calcium-containing and calcium-free buffer at
the respective pressure points. To establish the active tone in denuded
vessels, a small air bubble was flushed through the vessel. A lack of
response to acetylcholine (ACh) was used to confirm loss of en-
dothelium, then the experiment was performed as mentioned.

To evaluate the endothelial function, following stable myogenic
response development, arteries were kept at 80 mm Hg pressure and
increasing concentrations of ACh (10−9–10−5 M) were added to the
bath in a semi-log manner. The outer diameter following each dose of
ACh was measured and endothelium-dependent dilation was estab-
lished as the difference in diameter compared to baseline diameter at
80 mm Hg.

2.7. Blood glucose levels, HbA1c, and glucose tolerance testing:

Blood glucose levels and oral glucose tolerance testing were done as
described previously [31] in blood droplets collected by a tail prick
using Accu-check Performa glucometer (Roche Diagnostics, Rotkreuz,
Switzerland). HbA1c levels were measured in blood samples obtained
from the tail vein at the end of the feeding period using a bench-top
Labona Check A1c analyzer (Greencross Medis, Cheonan-Si, South
Korea) as per the manufacturer’s instructions. The insulin resistance
index (HOMA-IR) values were calculated using fasting blood glucose
and insulin levels as described previously [42].

2.8. Blood chemistry

Blood samples were collected after decapitation and centrifuged at
5000 rpm for 5 min at 4 °C. Serum was stored at −80 °C. Total serum
leptin, adiponectin and insulin were measured using rat leptin, rat
adiponectin, and rat insulin ELISA kits (Thermo-Fisher Scientific,
Waltham, MA) as per protocols supplied by the manufacturer

2.9. Brain fixation and sectioning

Rats were anesthetized with a ketamine/xylazine mixture (up to
80 mg/kg body weight ketamine, and 10 mg/kg body weight xylazine)
after which they were subjected to transcardiac perfusion with 100 ml
ice cold PBS, followed by 100 ml 4% paraformaldehyde. Brains were
then isolated and paraffin imbedded. Later, serial sections of 8 μm
thickness were prepared and used for different staining techniques.
Owing to the importance of the CA1 area of the hippocampus in spatial
memory [43] and detection of novelty [44] in rats, fields from this area
were used for the collection of data for the different staining techni-
ques.

2.10. DHE staining

Fixed brain tissue samples were stained with 20 µM
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dihydroethedium (Invitrogen, Carlsbad, CA). Red fluorescence re-
presenting reactive oxygen species (ROS) was captured using LEICA
DM6 B fluorescence imaging microscope, through the Alexa Fluor 568
filter.

2.11. TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining was performed using Click-iT Plus TUNEL Assay kit
(Thermo-Fisher Scientific, Waltham, MA) following the manufacturer’s
instructions. Nuclei were stained with 300 nM DAPI solution in phos-
phate-buffered saline for 5 min. Images were taken using LEICA DM6 B
fluorescent microscope (Leica Biosystems, Buffalo Grove, IL) through
the Alexa Fluor 647 filter.

2.12. Immunohistochemistry

Fixed brain tissue samples were used for immunohistochemistry as
described previously [31,32]. Briefly, hippocampal sections were in-
cubated with either 1:500 rabbit polyclonal CD68 antibody (Abcam,
Cambridge, UK) or 1:1000 recombinant anti-Iba1 antibody (Abcam,
Cambridge, UK) overnight at 4 °C. Immunoreactivity was developed
using Novolink polymer Detection Kit (Leica Biosystems, Buffalo Grove,
IL). Images were taken using OLYMPUS CX41 light microscope
(Olympus, Shinjuku, Tokyo, Japan).

2.13. Immunofluorescence

Fixed brain tissue samples were used for immunofluorescence as
described previously [45]. Briefly, slides were incubated overnight at
4 °C with 1:200 rabbit polyclonal anti-LC3B (Novus Biologicals, Cen-
tennial CO). The next day slides were washed and incubated with 1:100
mouse monoclonal NeuN antibody (EMD Millipore, Burlington, MA) for
2 h at room temperature. A mixture of 1:1000 Texas red-conjugated
goat anti-rabbit IgG and 1:1000 Alexa Fluor 488-conjugated goat anti-
mouse IgG (Abcam, Cambridge, UK) for 1 h at room temperature. Nu-
clei were stained with 300 nM DAPI solution in phosphate-buffered
saline for 5 min. Images were taken using LEICA DM6 B fluorescent
microscope (Leica Biosystems, Buffalo Grove, IL).

2.14. Caspase-3 activity assay

After decapitation, hippocampus tissue samples were used to
quantify Caspase-3 activity using a fluorometric assay kit (Abcam,
Cambridge, UK) as indicated by the supplier. The signal was quantified
using TriStar2 S LB 942 Multimode Reader (Bethold, Bad Wildbad,
Germany) at an excitation and emission wavelengths of 400 and
505 nm, respectively.

2.15. Western blot

Protein extraction and Western blotting were performed as de-
scribed previously [46]. Membranes were incubated in primary anti-
body in 0.1% TBST (1:1000 rabbit polyclonal phospho-Akt (T308),
1:1000 rabbit polyclonal SQSTM1/p62 antibody, 1:1000 rabbit poly-
clonal SIRT3, and 1:1000 rabbit polyclonal HIF-1 alpha antibody, from
Abcam (Cambridge, UK); 1:1000 rabbit polyclonal Phospho-mTOR
(Ser2448) antibody, 1:1000 rabbit polyclonal Phospho-DRP1 (Ser616)
antibody, and 1:2000 rabbit monoclonal GAPDH, from Cell Signaling
Technology (Danvers, MA) overnight at 4 °C. After washing with 0.02%
TBST (4 × 5 min), membranes were incubated in 1:40,000 biotin-
conjugated goat anti-rabbit Ig (Abcam, Cambridge, UK) for 1 h at room
temperature followed by washing and incubation with 1:60,000 horse
radish peroxidase conjugated streptavidin (Abcam, Cambridge, UK) for
30 min at room temperature. Blots of the GAPDH were developed using
1:5000 horse radish peroxidase-conjugated goat anti-rabbit secondary

antibody (Abcam, Cambridge, UK). Clarity Western ECL substrate
(BioRad, Hercules, CA) was used to generate signal image detection
using ChemiDoc imaging system (BioRad, Hercules, CA). Band optical
density was quantified using ImageJ software and normalized to
GAPDH.

2.16. Statistical analysis

Data were expressed as mean ± standard error of the mean.
Statistical significance was tested using t-test, one-way ANOVA, or two-
way ANOVA followed by the appropriate post hoc test as indicated in
the corresponding section in the results or the figure legends using
GraphPad Prism software version 7. P value<0.05 was considered
statistically significant.

3. Results

3.1. MHC diet feeding leads to a prediabetic metabolic state

MHC-fed rats consumed ~15 kcal/day more than their control
counterparts (data not shown). While this did not reflect in an increased
body weight for the 12-week feeding duration (Fig. 1A), an increased
fat/lean ratio was observed indicative of adipose expansion (Fig. 1B).
However, neither an increase in random blood glucose level (Fig. 1C)
nor in glucose tolerance (Fig. 1D) was detected. Similarly, no increase
in HbA1c levels was seen at 12 weeks of feeding but increases indicative
of increased blood glucose levels were observed in rats fed MHC diet for
24 weeks (Fig. 1E). Yet, an increased serum insulin concentration
(Fig. 1F) and insulin resistance index (HOMA-IR, Fig. 1G) confirmed the
hyperinsulinemic prediabetic state previously reported in this model.
Interestingly, despite the observed change in body composition, there
was no significant alteration of serum levels of leptin (Fig. 1H) or
adiponectin (Fig. 1I). On the other hand, no change in blood glucose
level or fat/lean ratio were observed in the rat group fed MHC diet for
four weeks (data not shown).

3.2. Cerebrovascular, motor, and cognitive consequences of MHC diet
feeding

Middle cerebral artery segments from MHC-fed rats showed an
augmented myogenic response (Fig. 2A & B). The arterioles from MHC-
fed rats showed an increased active tone compared to those from con-
trol rats in the operational pressure range of the rat cerebral artery
(Fig. 2C). As well, middle cerebral arterioles from MHC fed rats showed
endothelial dysfunction manifesting as a reduction in the ACh-mediated
vasodilation. Whereas vessel segments from control rats demonstrated a
concentration-dependent dilation of the myogenic tone by ACh, this
response was much attenuated in segments from MHC-fed rats (Fig. 2D
& E). Interestingly, abolishing the vascular endothelial feedback by
denuding the cerebral vessel segments equalized the active tone pro-
duction in vessel segments from control and MHC-fed rats (Fig. 2F). On
the other hand, MHC feeding did not affect blood-brain barrier leaki-
ness measured as the absorption of Evans blue dye in the brain. Com-
pared to control, MHC-fed rats did not show an increased Evans blue
penetration, whereas rats rendered diabetic by receiving STZ injection
showed a four-fold increase (Data not shown).

On the level of motor function, MHC-fed rats did not show a deficit
in the accelerating rotarod test. Latency to fall (Control:
64.64 ± 7.71 s; MHC: 70.03 ± 10.73 s; n = 10, P > 0.05), distance
traveled on the rotarod (Control: 185.9 ± 31.15 cm; MHC:
203.5 ± 38.16 cm; n = 10, P > 0.05), and maximum velocity
reached (Control: 13.58 ± 0.84 rpm; MHC: 14.17 ± 1.22 rpm;
n = 10, P > 0.05) were not different between the MHC-fed and
control rats. However, cognitive hippocampal-dependent functions in-
cluding novel object recognition and spatial learning and memory ap-
peared to be affected negatively by the mild metabolic dysfunction
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induced by twelve weeks of MHC feeding. Both control and MHC-fed
rats were able to learn the location of the rescue platform over time,
demonstrated by a progressive reduction in the latency to reach plat-
form along the successive spatial acquisition trial days of the MWM test
(Fig. 2G). However, compared to controls, MHC-fed rats were slower in
reaching the escape platform with significantly longer escape latencies
on the second to fourth day of testing. Moreover, acquisition of place
learning plateaued at a minimum on the third testing day in controls,
while MHC-fed rats continued to learn at a slower pace throughout the
5 testing days. In the Probe trial, MHC-fed rats exhibited retention
demonstrated by a reduced preference for the platform quadrant,
spending less time in the designated area (Fig. 2H & I). Similarly, the
MHC rats showed a reduced novelty preference score indicating an
impaired recognition function compared to control animals (Fig. 2J &
K). Interestingly, none of the cognitive deficits observed in rats re-
ceiving MHC diet for 12 weeks were seen at the early feeding time point
of four weeks, whose results in MWM and Y-maze were not different
from control rats (data not shown).

3.3. Metformin or pioglitazone treatment reverses cerebrovascular and
behavioral deficits in MHC-fed rats

Similar to our previous findings [31,32], a two-week treatment of
MHC-fed rats with non-hypoglycemic doses of metformin or pioglita-
zone did not alter blood glucose levels (Fig. 3A), but only pioglitazone
reduced serum insulin levels (Fig. 3B). As well, the cerebrovascular
myogenic tone was restored to control levels (Fig. 3C), together with
the vasodilatory response to ACh (Fig. 3D). These metabolic and cere-
brovascular changes were associated with reversal of behavioral dys-
function as well. MHC-fed rats treated with metformin or pioglitazone
demonstrated a restoration of the spatial memory with an increased
preference of the platform quadrant in the Probe Trail in MWM test
(Fig. 3E). Moreover, object novelty preference scores were restored to
control values in MHC-fed rats receiving metformin or pioglitazone
(Fig. 3F).

Fig. 1. Metabolic consequences of
12 weeks of MHC-feeding. A, Time
course of change in body weight
(n = 10); B, body composition re-
presented as fat/lean ratio (n = 10); C,
random blood glucose level (n = 10); D,
oral glucose tolerance test (n = 6); E,
HbA1c levels at 12 and 24 weeks of MHC
feeding (n = 6); F, serum insulin levels
(n = 10); G, insulin resistance index
(n = 10); H, serum leptin (n = 10); and
I, serum adiponectin concentrations after
12 weeks of feeding in control and MHC-
fed rats. Data summarized represent re-
sults from n rats per group. Statistical
analysis was done by two-way ANOVA
followed by Sidak’s multiple compar-
isons test For A (F(1,18) = 3.54 for the
treatment factor, treatment × time in-
teraction term (3,54) = 3.11) and D (F
(1,10) = 0.1 for the treatment factor,
treatment × time interaction term
(4,40) = 0.2), while for B, C, E–I, un-
paired t-test was used. * denotes
P < 0.05 vs. control rats.
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Fig. 2. Cerebrovascular tone and endothelial and cognitive functions in control and metabolically challenged rats. A, Representative tracings of pressure myography
experiments depicting changes in rat middle cerebral artery diameter as a function of change in intravascular pressure in vessel segments from control (left) and
MHC-fed (right) rats in presence (+Ca) and absence (−Ca) of calcium in the bath solution; B, summary of the change in middle cerebral artery diameter as a function
of pressure change (n = 4); C, Active tone generated by rat middle cerebral artery in vessel segments from control and MHC-fed rats. Active tone is the difference in
diameter of the vessel at a given intravascular pressure value in absence and presence of calcium (n = 4); D, Representative tracings of the endothelium-dependent
vasodilatory effects of increasing ACh concentrations in rat middle cerebral artery segments producing stable myogenic tone during pressurization to 80 mm Hg from
control (left) and MHC-fed rats (right); E, Increase in rat middle cerebral artery diameter in response to increasing ACh concentrations (n = 4); F, Active tone
generated by rat middle cerebral artery segments after endothelium denudation (n = 4); G, Latency to platform on in different training days in MWM test in control
and MHC-fed rats (n= 10); H, Representative tracings of rat activity in MWM probe trial; I, Time spent by control or MHC-fed rats in different quadrants in the probe
trial of MWM test (n = 10); J, Representative tracings of rat activity in Y-maze test; K, Novelty preference score for control and MHC-fed rats in novel object
recognition test in the Y-maze (n= 10). Data summarized represent results from vessel segments from n different rats per group. Statistical analysis was done by two-
way ANOVA followed by Sidak’s multiple comparisons test For B (F(1,6) = 2.95 for treatment factor, treatment × pressure interaction term (7,42) = 1.5), C (F
(1,6) = 17.08 for treatment factor, treatment × pressure interaction term (7,42) = 0.2), E (F(1,6) = 24.83 for treatment factor, treatment × Ach concentration
interaction term (8,48) = 15.15), F (F (1,6) = 4.06 for treatment factor, treatment × pressure interaction term (7,42) = 1.85), G (F (1,18) = 9.83 for treatment
factor, treatment × pressure interaction term (4,72) = 1.58), and I (F(1,18) = 4.54 for treatment factor, treatment × position interaction term (3,54) = 5.06), while
for K unpaired t-test was used. * denotes P < 0.05 vs. the corresponding value in control rats, while # denotes P < 0.05 vs. the latency value on the first training
session or the control value in the NE quadrant for G and I, respectively.
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3.4. MHC feeding is associated with increased markers of hippocampal
hypoxia, mitochondrial dysfunction and oxidative stress reversed by
metformin or pioglitazone

Consistent with the presumed hypoxic impact of the chronic re-
duction of brain perfusion due to an increased cerebrovascular tonic
contraction in MHC-fed rats, HIF-1α expression level increased in the
hippocampus (Fig. 4A). This was associated with increased markers of
mitochondrial dysfunction and oxidative stress. Increased phosphor-
ylation of dynamin-related protein 1 (DRP1) at Ser616, the site en-
hancing DRP1-mediated mitochondrial fission and increased ROS pro-
duction, was observed in the hippocampus of MHC-fed rats (Fig. 4B).
No change in total DRP expression was observed among the different
groups (Data not shown). Additionally, the expression levels of the
mitochondrial deacetylase, sirtuin3 (Sirt3), was reduced in the hippo-
campus of MHC-fed rats (Fig. 4C). Along the same lines, DHE staining
showed that hippocampal ROS levels increased in MHC-fed rats com-
pared to controls (Fig. 4D). Interestingly, metformin or pioglitazone
treatment attenuated mitochondrial dysfunction markers and ROS
staining levels in MHC-fed rats to values not significantly different from
controls.

3.5. MHC feeding is associated with decreased hippocampal autophagy
restored by metformin or pioglitazone treatment

In order to investigate whether the hyperinsulinemic state induced
by MHC feeding affected autophagy in rat hippocampus, a number of
relevant markers were examined. Akt activity increased in MHC-fed rat
hippocampus as indicated by elevated phosphorylation at Thr308

compared to control rats (Fig. 5A), alongside a concomitant increase in
the mammalian target of rapamycin (mTORC1) phosphorylation at the
Akt-dependent site, Ser2448 [47] (Fig. 5B). No changes in total Akt and
mTORC1 expression were detected among the different groups (Data
not shown). This was accompanied by an increase in the expression
level of the adaptor protein p62 in MHC-fed rats (Fig. 5C). Moreover,
double immunofluorescence staining of the hippocampal neurons in the
CA1 area demonstrated an increased LC3B puncta in MHC-fed rat sec-
tions (Fig. 5D). In line with its effect on metabolic, vascular, and mi-
tochondrial dysfunction parameters, treatment with either metformin
or pioglitazone ameliorated the observed increases in the Akt and
mTORC1 phosphorylation, p62 expression, and LC3B puncta in MHC-
fed rat hippocampus.

3.6. MHC feeding triggers hippocampal inflammation and apoptosis that is
reversed by metformin or pioglitazone treatment

Both CD68 and IBA1 staining showed increased microglial activa-
tion in the CA1 area consistent with increased inflammation
(Fig. 6A–C). Increased inflammation in this area was associated with
elevated apoptotic cell death. Increased hippocampal neuron apoptosis
in MHC-fed rats was evident as increased TUNEL staining in the hip-
pocampal CA1 area compared to control rats (Fig. 6A & D) and an in-
creased caspase-3 activity in total hippocampal lysates as measured in
fluorimetric activity assays (Fig. 6E). Consistent with the other func-
tional and molecular observations, both hippocampal microglial acti-
vation and apoptosis were reduced in metformin or pioglitazone treated
MHC-fed rats.

Fig. 3. Metformin and pioglitazone treatment reversed cerebrovascular and cognitive deficits in MHC-fed rats. A, Random blood glucose level (n = 10); B, serum
insulin level (n = 10); C, active myogenic tone of rat middle cerebral artery (n = 4); D, ACh-mediated endothelium-dependent dilation of middle cerebral artery
(n = 4); E, time spent in different quadrants in MWM (n = 10); and F, novelty preference score in novel object recognition in Y-maze test (n = 10) in MHC-fed rats
with or without a two-week oral treatment with non-hypoglycemic doses of metformin or pioglitazone. Data summarized represent results from n rats per group.
Statistical analysis was done by one way ANOVA followed by Tukey multiple comparisons test For A (F (2,27) = 0.13), B (F (2,27) = 30.28), and F (F (3,36) = 3.42),
and by two-way ANOVA followed by Sidak’s multiple comparisons test for C (F(2,9) = 14.56 for treatment factor, treatment × pressure interaction term
(14,63) = 0.36), D (F(2,9) = 35.31 for treatment factor, treatment × Ach concentration interaction term (16,72) = 24.67), and E (F(3,36) = 2.13 for treatment
factor, treatment × position interaction term (9,108) = 5.92). * denotes P < 0.05 vs. the corresponding value in control rats.
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4. Discussion

Early metabolic dysfunction poses a significant health risk despite
not meeting the diagnostic cut-off criteria for full-blown metabolic
disorders. Prediabetes in particular, with a global prevalence estimate
ranging from 35 to 50% [48], poses a considerable health burden owing
to the associated metabolic, cardiovascular, and cognitive decline [5,7].
As such, a careful investigation of the unique mechanisms linking early
metabolic challenge with cognitive decline is warranted in order to
allow optimal intervention. Here, we examine the potential detrimental
pathways linking prediabetic metabolic perturbation to cognitive im-
pairment in a non-obese rat model of mild metabolic challenge. Our
results suggest that early metabolic challenge induces cerebrovascular
dysfunction that leads to chronic hypoperfusion and hypoxia. Such a
hypoxic state co-exists with a suppression of neuronal autophagy pos-
sibly driven by metabolic impairment culminating in neuronal in-
flammation and apoptotic cell death in the hippocampus.

In the present study, early metabolic challenge was induced by a
mild hypercaloric diet feeding. Our rat model receives ~38% of dietary
calories from fat, in slight excess of the upper limit of dietary fat intake
recommended by the American Diabetes Association (20–35%) [49].
Fructose was added to represent refined sugars, which together with
saturated fat, are thought to be the cause of cardiovascular abnormal-
ities in humans and animal models associated with western diets [50].
In our previous work [32,33], the MHC rat model developed a pre-
diabetic metabolic impairment manifested as hyperinsulinemia without
an increase in neither blood glucose levels nor body weight after
12 weeks of MHC feeding. This rat model represents the earliest stage of
diabetes pathogenesis where insulin secretion is increased to achieve a

normal blood glucose level [51]. It is noteworthy that fasting and
random hyperglycemia became detectable in this rat model by the 24th
week of exposure to MHC [32] indicating that the impairment observed
at 12 weeks represent a bona fide prediabetic state. This was further
confirmed in the present study where MHC rats developed hyper-
insulinemia and insulin resistance, possibly driven by a change in body
composition favoring increased fat/lean ratio, without a change blood
glucose level or body weight enabling the examination of vascular and
cognitive dysfunction at an early stage of metabolic deterioration. Once
more, the prediabetic nature of the MHC model was emphasized by the
increased HbA1c levels seen at the end of 24 weeks of feeding.

As expected, MHC-fed rats demonstrated an impaired hippocampal-
dependent cognitive function. Both novelty recognition and spatial
memory acquisition and recall were reduced compared to control rats.
This occurred without an effect on motor function as demonstrated in
the rotarod test indicating that the observed deficit is more likely to be
cognitive rather than a consequence of alteration of motor activity. The
lack of change in cognitive function at the early time point of 4-week
MHC feeding, alongside the absence of changes in body composition,
suggests that the observed deficit after 12 weeks is the results of me-
tabolic impairment rather than a direct consequence of a dietary
compositions change. Significantly, adipose expansion observed here as
an increased fat/lean ratio, together with the perivascular adipose in-
flammation consistently demonstrated in this rat model [31,32], might
suggest that the cognitive decline develops due to an altered adipokine
profile. Indeed, obesity-associated increases and decreases in circu-
lating levels of leptin and adiponectin, respectively, are thought to
mediate cognitive decline [52]. However, this did not appear to be the
case in our model, since no change was detected in serum levels of

Fig. 4. Increased markers of hypoxia, mitochondrial dysfunction, and oxidative stress in metabolically challenged rat hippocampus recovered after treatment. A, HIF-
1α expression; B, Ser616 DRP1 phosphorylation; and C, Sirt3 expression levels. Western blots shown are representative of four separate experiments on extracts from
four different rats per group summarized in the bar graphs. D, DHE staining in hippocampus from control, MHC-fed, and MHC-fed rats treated for two weeks by either
metformin or pioglitazone. DHE staining appears as red fluorescence on the representative micrographs. Scale bare are 50 μm. DHE data are a summary of nine
sections from three different rats per group summarized in the bar graph. Statistical analysis was done by one-way ANOVA followed by Tukey multiple comparisons
test (F(3,12) = 9.1, F(3,12) = 3.38, F(3,12) = 13.46, and F(3,8) = 134 for A, B, C, and D, respectively). * denotes P < 0.05 vs. the corresponding value in control
rats. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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either adipokine in MHC-fed rats.
On the other hand, late stages of metabolic dysfunction including

obesity and diabetes were shown to be associated with significant im-
pairment of cognitive functions related to the hippocampus as a result
of increased blood-brain barrier leakiness leading to neuronal in-
flammation [14]. Yet our rat model of early metabolic challenge did not
demonstrate an increased blood-brain leakiness similar to that observed
in the rat group in which type 2 diabetes was induced by streptozotocin
injection. This is consistent with previous studies showing that hippo-
campal-dependent cognitive function impairment was detected in rats
fed a western diet prior to an increase in blood-brain barrier leakiness
and body weight [37]. As such, alternative explanations for the ob-
served cognitive impairment were sought.

Indeed, our previous observations in this prediabetic rat model
showed increased vascular contractile tone and endothelial dysfunction
as a consequence of perivascular adipose inflammation and mild me-
tabolic dysfunction [32,33]. This was a consequence of an enhanced
smooth muscle calcium sensitization downstream of increased basal
RhoA-dependent kinase activity. An augmented vascular tone was
consistently observed in other prediabetic rat models as well [18].
Cerebral arterioles are among the resistance vessels producing a spon-
taneous myogenic contractile response in face of increasing pressure.
Such a response is crucial for the maintenance of several functions in-
cluding blood flow autoregulation, tissue protection, and modulation of
oxygen and nutrient delivery according to regional metabolic needs

[53]. Our previous study examining endothelial function in several
vascular beds in MHC rats indicated a reduced endothelial-dependent
hyperpolarization in cerebral arterioles resulting from inward rectifier
potassium channel dysfunction [33] without a change in endothelial
nitric oxide synthase expression or phosphorylation [32,33]. Here, we
extended the investigation of cerebrovascular reactivity to show that
the endothelial deficit caused MHC-fed rat middle cerebral arterioles
produced an elevated myogenic response over the operational range of
the blood vessel. Literature suggests that mean blood pressure in rat
middle cerebral artery is ~60 mm Hg [54], which is the values asso-
ciated with the largest difference in active tone production between
vessel segments from control and MHC-fed rats in pressure myography
experiments. As expected, ACh-mediated endothelium-dependent re-
laxation of rat middle cerebral arteriole was impaired in vessel seg-
ments from MHC-fed rats. Interestingly, upon removal of the en-
dothelial layer, denuded cerebral arteriolar segments from both control
rats produced increased myogenic constriction equivalent to that gen-
erated by segments from MHC-fed rats. This indicated that augmented
myogenic response observed in vessels from metabolically impaired
rats is potentially due to a reduced endothelial feedback.

Owing to increased cerebral arteriole myogenic tone and reduced
vessel diameter at physiological pressures, cerebral hypoperfusion and
hypoxia become probable consequences in MHC-fed rats. This was
confirmed by the elevated expression of HIF-1α in MHC-fed rat hip-
pocampus. Indeed, similar changes in HIF-1α expression were seen

Fig. 5. Activation of the Akt/mTORC pathway and decreased autophagy in hippocampus in metabolically challenged rats reversed by treatment. A, Akt phos-
phorylation at Thr308; B, mTORC phosphorylation at Ser2448; and C, p62 expression levels. Western blots shown are representative of four separate experiments on
extracts from four different rats per group summarized in the bar graphs. D, LC3 puncta in hippocampus from control, MHC-fed, and MHC-fed rats treated for two
weeks by either metformin or pioglitazone. NeuN staining appears as green fluorescence, LC3 staining appears as red fluorescence, while DAPI nuclear staining
appear as blue fluorescence on the representative micrographs. Cells expressing both NeuN and LC3 show yellow fluorescence in the merged image. Scale bare are
5 μm. Immunofluorescence data are a summary of nine sections from three different rats per group summarized in the bar graph. Statistical analysis was done by one-
way ANOVA followed by Tukey multiple comparisons test (F(3,12) = 8.44, F(3,12) = 11.82, F(3,12) = 5.69, and F(3,8) = 42.91 for A, B, C, and D, respectively). *
denotes P < 0.05 vs. the corresponding value in control rats. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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accompanied by a decline in hippocampal-associated memory fol-
lowing intermittent hypoxia [55]. Consistent with the literature
showing that cerebral hypoxia and accumulation of HIF-1α are asso-
ciated with increased ROS levels [56], MHC-fed rat hippocampus de-
monstrated a high oxidative burden upon DHE staining. Moreover,
mitochondrial dysfunction is a common occurrence in hypoxic neuronal
injury [57]. As such, we proceeded to examine two mitochondrial
markers; DRP1 phosphorylation at Ser616 promoting mitochondrial
fission [58], and Sirt3 that plays a role in maintaining mitochondrial
antioxidant function and biogenesis [59]. Studies have shown that
hypoxia triggered a feedback mechanism downregulating mitochon-
drial activity through increased fragmentation, mitophagy, and reduced
biogenesis [60,61]. Specifically, recent studies reported that hypoxia-
induced mitochondrial fission via increased HIF-1α expression leading
to increased DRP1 activity [62–64]. This was indeed the case in the
hippocampus of MHC-fed rats where increased DRP1 phosphorylation
at Ser616 was observed. Furthermore, as previously observed in HFD-
fed mice showing cognitive dysfunction [65], Sirt3 expression levels
were reduced in MHC-fed rat hippocampus.

In the context of neuronal injury, evidence showed that cells re-
spond to increased mitochondrial fission by triggering autophagy
[61,66] as a quality control mechanism to clear damaged mitochondrial
segments [67,68]. Indeed, autophagy activation was reported to have a
neuroprotective role, not only in neurodegenerative disease [24,69],
but also under hypoxic conditions [70,71]. Yet, this did not appear to
be the case in MHC-fed rats. In line with the early metabolic challenge
manifesting as hyperinsulinemia, the hippocampus of MHC-fed rats
showed increased Akt phosphorylation at Thr308. This in turn was
associated with an increased mTORC phosphorylation at the Akt sen-
sitive site, Ser2448 [47]. Multiple lines of evidence implicate the acti-
vation of the insulin receptor/Akt/mTORC signaling pathway in sup-
pression of autophagy associated with insulin resistance in neurons

[72] and peripheral tissue [73]. mTORC activation represses the ac-
tivity of the unc-51-like kinase 1 (ULK1) via phosphorylation, and thus
precludes autophagosome maturation [74]. Additionally, recent find-
ings revealed an additional mechanism whereby ULK1 inhibition con-
tributes to autophagy suppression through prevention of autophago-
some and lysosome fusion [75]. In this context, MHC-fed rat
hippocampus showed accumulation of the adaptor protein SQSTM1/
p62 and increased LC3 puncta in neuronal cells in the CA1 area in-
dicative of an impeded autophagy flux. Interestingly, studies of CA1
neurons of Alzheimer’s patients showed a similar picture [76].

In parallel, examination of the hippocampus in rats with early me-
tabolic challenge revealed an increase in markers of inflammation and
apoptosis. On the one hand, MHC-fed rats showed increased expression
of CD68 and IBA-1, both markers of microglial activation associated
with chronic neuroinflammation [77], in the CA1 area of the hippo-
campus. On the other hand, increased apoptotic changes in MHC-fed rat
hippocampus appeared as increased TUNEL staining and higher cas-
pase-3 activity. Similar observations are common in recent literature
whereby neuroinflammation and microglial activation [78–80], to-
gether with hippocampal apoptosis [81,82], occur in association with
high fat diet-induced cognitive decline. The previous studies provided
observational evidence for the aforementioned association. However, in
the context of the current study, it is possible that the impeded au-
tophagic flux in MHC-fed rat hippocampus was the trigger for activa-
tion of apoptosis and inflammation as previously observed in neuronal
and non-neuronal tissues [83–85].

From a different perspective, our previous work showed that the
amelioration of adipose inflammation in this rat model of early meta-
bolic challenge was associated with reversal of the vascular dysfunction
in vitro and in vivo [31,32]. In the present study, the same non-hy-
poglycemic doses of metformin and pioglitazone used to ameliorate
adipose inflammation in the previous work led to improved

Fig. 6. Increased microglial activation and apoptosis in hippocampus in metabolically challenged rats reversed by treatment. A, Representative micrographs of CD68,
IBA-1, and TUNEL staining in CA1 area of rat hippocampus with the corresponding quantification in B, C & D, respectively. CD68 and IBA-1 staining appear as brown
color on a background of H&E staining, while TUNEL staining appear as red fluorescence together with the blue fluorescene of DAPI nuclear staining on the
representative micrographs. Scale bare are 25 μm and 10 μm for the insets on the IBA-1 panels. Microscopy data are a summary of nine sections from three different
rats per group. E, Caspase-3 activity normalized to the hippocampal extract protein concentration (n = 3). Statistical analysis was done by one-way ANOVA followed
by Tukey multiple comparisons test (F(3,8) = 14.53, F(3,8) = 11.41, F(3,8) = 4.28, and F(3,8) = 5.52 for B, C, D and E, respectively). * denotes P < 0.05 vs. the
corresponding value in control rats. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cerebrovascular function. This was also associated with an improved
performance in MWM and Y-maze tests. The only metabolic impact was
observed in the pioglitazone-treated group as a reduction of serum in-
sulin level, consistent with its insulin-sensitizing effect. Nevertheless, a
large body of literature support a direct ameliorative impact of met-
formin and pioglitazone on vascular endothelial dysfunction in patients
with metabolic syndrome, prediabetes, and diabetes [86–88]. Despite
the lack of a detectable change in HIF-1α expression levels, improve-
ment of cerebrovascular function in the treated groups was associated
with favorable changes in the mitochondrial markers, DRP1 phos-
phorylation and Sirt3 expression, as well as with reduced oxidative
stress. While presumed to be related to brain perfusion, an absence of a
detectable decrease in HIF-1α expression level is not unexpected given
that prior studies on diabetic rat models showed that significant
changes were only observed after at least one month of intervention
[89]. Nevertheless, treatment by metformin and pioglitazone reversed
the molecular changes in the pathways leading to suppression of au-
tophagy. While a reduction in Akt phosphorylation, and the subsequent
mTORC activation, are consistent with reduced serum insulin levels in
the pioglitazone-treated MHC-fed rat group, prior evidence reported a
direct inhibitory effect for metformin on Akt, as well as mTORC,
phosphorylation and activation [90]. This was associated with a re-
versal of the changes seen in the autophagy markers p62 and LC3.
Along the same lines, the CA1 area of the hippocampus in metformin-
and pioglitazone-treated MHC rats showed reduced markers of micro-
glial activation and apoptosis.

While our results argue for metabolic impairment as the underlying
cause of the present observations, some studies report a direct in-
hibitory effect of free fatty acids on vascular endothelial reactivity [91].
Indeed, serum free fatty acids increase in high-fat fed rodents [92]. As
such, while unlikely, changes in dietary composition cannot be com-
pletely ruled out as a cause of the present observations, at least in the
context of triggering endothelial dysfunction and increased cere-
brovascular reactivity.

In conclusion, the results of the present study offer a plausible fra-
mework for a continuum of events linking peripheral inflammatory
changes in early metabolic dysfunction to cognitive decline (summar-
ized in Fig. 7). Cerebrovascular changes, occurring in the context of

wider vascular dysfunction secondary to metabolic alteration, lead to
hippocampal hypoxia with possible mitochondrial dysfunction and in-
creased oxidative stress. In parallel, the altered metabolic profile po-
tentially contributes to a reduced autophagic flux precluding the neu-
ronal rescue mechanism, and thus leads to the activation of apoptosis
and neuroinflammation observed alongside cognitive impairment in
this model. Amelioration of the peripheral inflammatory process im-
proves vascular, molecular, and behavioral alterations highlighting
both the feasibility and importance of intervention to reverse the cog-
nitive impact of this early stage of metabolic dysfunction.
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Fig. 7. The hypothesized mechanistic scheme linking early prediabetes to cognitive dysfunction. Early metabolic impairment is associated with endothelial dys-
function and increased cerebrovascular tone. This leads to a chronic state of mild hypoxia leading to mitochondrial stress and increased reactive oxygen species
production. On the other hand, hyperinsulinemia developing at this early stage suppresses the autophagic flux through the Akt/mTOR pathway precluding possible
neuronal rescue. Both factors could possibly converge into neuronal inflammation and neuronal cell death, which might underlie the observed cognitive decline in
this rat model. Metformin and pioglitazone alleviate the metabolic dysfunction improving vascular reactivity and also improve hyperinsulinemia (pioglitazone) or
interfere with insulin signaling (metformin) ameliorating both pathways leading to neuronal damage and cognitive impairment.
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