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ABSTRACT

Keywords: The world population is aging rapidly, and chronic diseases associated are cardiometabolic syndrome, cancer,
Aging and neurodegenerative diseases. Oxidative stress and inflammation are typical hallmarks in them. Poly-
;—hgpocam;?l oxidovanadates (POVs) have shown interesting pharmacological actions against chronic diseases. This work
nflammaging

Oxidative stress
Polyoxidovanadates, Metforminium-
decavanadate

aimed to evaluate the POV effect on hippocampal neuroinflammation, redox balance, and recognition memory in
the aging of rats. Rats 18 months old were administered a daily dose of sodium metavanadate (MV), deca-
vanadate (DV), Metformin (Metf), or MetfDeca for two months. Results showed that short-term and long-term
recognition memory improved by 28 % and 16 % (DV), 19 % and 20 % (Metf), and 21 % and 27 % (Metf-
Deca). In hippocampi, reactive oxygen species, IL-1p, and TNF-a, after DV, Metf, and MetfDeca decreased at
similar concentrations to young adult control, while lipid peroxidation substantially ameliorated. Additionally,
superoxide dismutase and catalase activity increased by 41 % and 42 % (DV), 39 % and 41 % (Metf), and 75 %
and 73 % (MetfDeca). POV treatments reduced Nrf2 and GFAP immunoreactivity in CA1 (70-87.5 %), CA3
(60-80 %), and DG (57-89 %). Metformin treatment showed a minor effect, while MV treatment did not improve
any parameters. Although DV, Metf, and MetfDeca treatments showed similar results, POVs doses were 16-fold
fewer than Metformin. In conclusion, DV and MetfDeca could be pharmacological options to reduce age-related
neuronal damage.

1.

Introduction arthritis, and diabetes, and the main two neurodegenerative diseases are

Alzheimer’s and Parkinson’s (Khan et al., 2017; Mattson and Arumu-

The world population is aging rapidly. United Nations established in
2019 that 703 million people aged 65 or older are in the global popu-
lation. The projection for 2050 is 1.5 billion, almost 22 % of the
worldwide population (Foroushani et al., 2014; Nations Department of
Economic, 2019). The aging process leads to indiscriminate loss of
physiological functions across an organism because of reduced repara-
tive and regenerative potential in tissues and organs, allowing degen-
erative diseases to appear (Khan et al., 2017). The chronic diseases
observed in aging are cardiovascular disease, cancer, osteoporosis,

gam, 2018; Perry et al., 2018).

During aging, many people lose the capacity for learning and
memory, attention, decision-making speed, sensory perception, and
motor coordination (Alexander et al., 2012; Dykiert et al., 2012; Levin
et al., 2014). Several studies have demonstrated an overall reduction in
brain volume, with most of the gray matter shrinkage occurring in the
prefrontal cortex and hippocampus, which are critical areas for various
complex cognitive processes (Flores et al., 2020, 2016; [saev et al., 2019;
Wabhl et al., 2019). The brain is highly metabolically active, using nearly
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a quarter of the body’s total glucose and oxygen consumption. The high
level of oxygen consumption can lead to an increase in the production of
reactive oxygen species (ROS). As set out by the free radical and mito-
chondrial dysfunction theories of aging, increased ROS could result in
oxidative damage and inflammation, which are redundant and pro-
gressive (Barja, 2014, 2013; Sanz and Stefanatos, 2010). Therefore, the
pharmacological strategies must be focused on developing molecules
with a broad spectrum of activity that positively impacts deleterious
mechanisms of brain aging.

In the last 30 years, the number of studies of polyoxidometalates
(POMs), and particularly polyoxidovanadates (POVs) such as deca-
vanadate and related compounds, have been associated with enzymatic
inhibition, insulin signaling enhancement, improvement of dysglycemia
and dyslipidemia, and inhibition of the aggregation of amyloid p-pep-
tides related to Alzheimer’s disease (Fig. 1) (Aureliano, 2022, 2016,
2011; Aureliano et al., 2022). Decavanadate, [V10023]6' is an iso-
polyoxidovanadate described in detail and showcases the relevance of
POV speciation and stability to exert biological effects (Aureliano et al.,
2022). Decavanadate is stable for weeks in pure aqueous at pH 4.0, and
no change in the hydrolysis rate is observed (Aureliano et al., 2016). Our
workgroup has informed that the chimeric compound metforminium
decavanadate (HaMetf)3[V19023]e8 HyO (MetfDeca) has pharmacolog-
ical potential as a hypoglycemic, lipid-lowering, and metabolic regu-
lator since the resulting compound is made of the two components with
antidiabetic activities that reduce both dosages (48,000 times) and time
of administration (twice a week) (Trevino et al., 2016, 2015). MetfDeca
is an effective treatment against insulin resistance, metabolic syndrome,
and type 1 and type 2 diabetes, with a protective effect on pancreatic
beta cells (Trevino et al., 2019, 2018). MetfDeca ameliorated oxidative
stress, redox balance, and insulin signaling in the liver and muscle of
animals with type 1 diabetes (Trevino and Gonzalez-Vergara, 2019).
Recently, we observed that MetfDeca reduced oxidative stress and hip-
pocampal neuroinflammation in rats with metabolic syndrome,
increased the density and length of the dendritic spines of the hippo-
campus, and restored spatial and recognition memory (Diaz et al.,
2021).

The expected effects of brain aging are lost neural function, where
reactive astrogliosis increases oxidative stress and pro-inflammatory
cytokines (at least in part), modulating transcriptional regulation of
nuclear factor erythroid 2-related factor 2 (Nrf2), a master sensor of
redox balance (Zhou et al., 2019). Nrf2 activation positively regulates
the expression of enzymes and peptides anti-oxidative that avoid neu-
rodegeneration. In the liver and muscle of diabetic rats treated with
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MetfDeca, redox balance improved and was associated with an Nrf2
increase (Trevino and Gonzalez-Vergara, 2019). Metformin and POVs
such as MetfDeca and decavanadate ameliorate cell functions, inflam-
mation, and balance redox (Silva-Nolasco et al., 2020). Therefore, in this
study, we aimed to evaluate the effect of vanadium compounds and
Metformin on hippocampal neuroinflammation, redox balance, and
recognition memory in aged rats.

2. Materials and methods

Male Wistar rats of 2 months (n = 8) and 18 months (n = 40) were
used. The "Claude Bernard" Animal Facility of the University of Puebla
provided the animals. The rats were housed in acrylic boxes at
controlled temperature and humidity, with light-dark cycles of 12 h
each, with free access to water and food. The diet used was LabDiet 5001
(Laboratory Rodent Diet); its composition can be consulted on the
manufacturer’s website. The procedures described in this study were
carried out following the Standards for the Use and Care of Laboratory
Animals defined by the Mexican Council for Animal Care (NOM-062-
Z00-1999), as well as the Guide of the National Institutes of Health for
the Care and Use of Laboratory Animals, and the Ethics Committee of the
Autonomous University of Puebla. In this study, every effort was made
to minimize animal suffering. The number of animals in the current
study is small, as the subjects were 18 months old. If signs of distress
appeared in the animals before or during the experimentation, a veter-
inarian immediately evaluated them.

2.1. Pharmacological treatments

Five experimental groups were designated for this study (n =8/
group): (1) control young adult (drinking water: 1 mL/kg); (2) control
aging (drinking water: 1 mL/kg); (3) sodium metavanadate (MV;
1.23 ug/0.1 kg); (4) Decavanadate (DV; 1.23 ug/0.1 kg); (5) Metformin
(Metf; 200 mg/kg), and (6) MetfDeca (1.23 pg/0.1 kg). All treatments
were dissolved in 1 mL of drinking water, adjusted to weight, and
administered by oral gavage for 60 days between 8:00 and 10:00 am.
Groups 1 and 2 (controls) were administered 1 mL of drinking water in
identical conditions. Treatment doses of each drug were selected based
on published reports (Diaz et al., 2021; Munoz-Arenas et al., 2020;
Trevino et al., 2018, 2016).

Early
developments Metvan, ]
of vanadium multitargeted The first Role of
compounds for anticancer evidence of Decavanadate OV treatment for
Discovered diabetes First clinical trials ~ vanadium POV-DNA  in anti-tumor Alzheimer's
by del Rio. treatment. against diabetes. complex. interaction. activity. disease.
1801 1980 1995 2001 2009 2017 2021
Vanadium and POV timeline: Biological, Biomedical, and Health Applications
1899 -1911 1990 1999 - 2003 2001-2008 2016 2010 - 2021
Vanadium was used to First Vanadium POV and MetfDeca: POVs against
treat anemia, evidence of compounds as  Decavanadate in potential microorganisms.
tuberculosis, antitumor insulin-mimetic vitro studies. metallodrug for
rheumatism, and properties. agents. obesity,
diabetes mellitus. metabolic
syndrome, and
diabetes
treatment.

Fig. 1. POVs Biological, Biomedical, and Health Applications.
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2.2. Novel Object Recognition Test (NORt)

The methodology NORt employed is described by Diaz et al., which
evaluates the recognition memory (Diaz et al., 2021). The test is based
on quantifying the time required for animals to explore a novel object
compared to a familiar object (Munoz-Arenas et al., 2020). The animals
were placed in a dark plastic box four times (80 cm wide X 80 cm long X
80 cm high). Four plastic objects of different colors and sizes
(width = 9.0-12.0 cm, height = 6.0-9.0 cm) were used for this test. The
objects were located on the box floor, diagonally and opposite, at a
distance of ~30 cm. The NORt was recorded with a video camera
attached to the wall above the box. The lighting of the box was made of
white light. Animals were acclimatized for 45 min three days before the
test.

Habituation is the first phase of the NORt. Rats scanned the empty
box for 5 min and returned to their cage. In this phase, the distance
traveled (cm) by the animals of each experimental group was analyzed
and graphed. Twenty-four hours after the habituation phase ended, the
animals performed the familiarization phase. The rats were placed in the
center of the box with two identical objects. The scan time for each
object was quantified for 5 min from when the nose of the rat was 1 cm
to the object and the animal’s vibrissae moved. The short-term recog-
nition memory (STRM) was evaluated as follows, one of the similar
objects (familiar object) previously placed in the box in the familiar-
ization phase was replaced by a new one (novel object). Subsequently,
the rats were placed in the center of the box for 5 min. The exploration
time for each object was recorded similarly to the familiarization phase.
The preference for exploring the novel object was determined by the
time a rat spent exploring the new object compared to the familiar ob-
ject. Long-term recognition memory (LTMR) was evaluated 24 h after
performing the STRM. In this phase, the previously presented object as a
novelty in the STRM was replaced by a new object to evaluate the LTMR,
as described in the familiarization phase. In both the STRM and LTRM,
the discrimination index (DI) = (TN - TF) / (TN 4 TF) was determined,
identifying TF and TN as the time to explore familiar and new objects.
After each session, the box and objects were cleaned with 80 % ethanol
to exclude odor signals.

2.3. Samples for biochemical tests

After finishing the NORT, four animals from each group were
decapitated. Then, the brains were extracted, and the hippocampus (Hp)
was dissected at the level of the anterior temporal area approx-
imately 3.8-6.8 mm from the bregma, taking the rat brain in stereotaxic
coordinates atlas as a reference (Liang et al., 2017). The tissue was ho-
mogenized in 3 mL of frozen phosphate buffer (0.1 M; pH 7.4). The
homogenate was centrifuged at 12,500 rpm for 30 min and at 4 °C. The
supernatant was obtained and stored at — 70 °C. The supernatant was
used to quantify reactive oxygen species (ROS), lipid peroxidation
(LPO), pro-inflammatory cytokines, and the activity of superoxide dis-
mutase (SOD) and catalase (CAT).

2.4. Reactive oxygen species assay

Five uL of each homogenate was used. A solution of TRIS, 2- (4- (2-
Hydroxyethyl) piperazin-1-yl) ethanesulfonic acid (HEPES) [40 mM]
and 2'7’-dichlorodihydrofluorescein diacetate (DCFHDA) [5 pM] was
added. The mixes were incubated at 37 °C for 1 h. Subsequently, the
sample was analyzed in a luminescence spectrometer (PerkinElmer
LS50-B) at 488 nm of excitation and 525 nm of emission wavelength.
The respective values of each sample were determined from a standard
curve of 2'7’-dichlorofluorescein (DCF) (Sigma-Aldrich). The results
were expressed in nanomoles of DFC per mg of protein (Diaz et al.,
2021).
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2.5. Lipid peroxidation assay

One mL of the supernatant of each tissue was mixed with 4 mL of
chloroform-methanol (2:1, v/v). The samples were allowed to stand at
4 °C in the dark for 1 h. The oily phase was removed, and the aqueous
phase was excited at a wavelength of 370 nm; the emission obtained at
430 nm was on a PerkinElmer LS50-B luminescence spectrometer at
25 °C. The sensitivity of the equipment was adjusted to a fluorescent
signal of 140 fluorescence units (FU) with the help of a standard solution
of quinine (0.001 mg / mL) and H2SO4 (0.05 M). The results were
expressed as relative fluorescence units (RFU) per milligram of protein
(Diaz et al., 2021).

2.6. Quantification of IL-1  and TNF-a

The IL-1p and TNF-a concentration in the brain samples was quan-
tified employing a sandwich immunoassay (R&D Systems, Minneapolis,
MN). The absorbance was proportionally related to the amount of each
of the cytokines. The lower detection limits for each ELISA technique
were 0.7 and 1.0 pg/mg of protein for IL-1p and TNF-a, respectively.

2.7. Superoxide dismutase and catalase activity assay

The pyrogallol method was used to evaluate SOD activity. A Tris-HCl
(0.05 M, pH 8.2) solution with NapEDTA (1 mM) was placed in a quartz
cell. A mixture of 50 uL of pyrogallol (12 mM in 1 mM HCI) and 50 pL of
the hippocampal supernatant was vigorously shaken. The reaction was
monitored every 30 s for 5 min in a Lambda EZ-150 spectrophotometer
(PerkinElmer Company) at 420 nm and room temperature. The SOD
activity was obtained, considering that 1 U is the amount of enzyme that
inhibits the autooxidation of pyrogallol by 50 % at 25 °C and pH 8.2.

The CAT activity was performed in a spectrophotometer (Lambda
EZ-150, PerkinElmer Company). The samples (50 pL) were mixed with
20 mM of a potassium phosphate buffer solution (50 mM at pH 7.0; 1:20
dilution) and subsequently centrifuged at 10,000g/10 min/4 °C. The
technique included mixing 2.0 mL of potassium phosphate buffer solu-
tion, 0.05 mL of Hy05 (0.3 M), and 50 pL of the sample. Then the HyO,
decomposition was followed for 60 s at 240 nm. Catalase activity was
calculated as pmol / min / mg protein, equivalent to U/mg protein.

Proteins were quantified according to the Lowry method. A cali-
bration curve from 5 to 150 pg/uL of albumin was prepared, 20 pL of the
curve or an aliquot of the homogenates was mixed with 100 pL of 0.1 N
sodium hydroxide, 1.5 mL of alkaline solution (KNaC4H4Oge4 H50O 2 %
and CuSO4 1 % in 0.1 N NaOH), and 200 pL of Folin reagent. The so-
lutions were incubated for 10 min at 37 °C, and the absorbance was read
at 500 nm. The concentration in the samples was calculated by extrap-
olation with the albumin curve.

2.8. Immunohistochemistry

After behavioral testing, rats (n = 4 / group) were anesthetized with
sodium pentobarbital (40 mg/kg, i.p.) and perfused intracardially with
PBS and paraformaldehyde (4 %). The brains were post-fixed overnight
at 4 °C. After the fixation time, the tissues were placed in a histokinet
automatic tissue processor (Leica TP1020) to be dehydrated with
ethanol in increasing percentages until 100%. Subsequently, the brains
were rinsed with Xylol and submerged in liquid paraffin (50 °C) for
infiltration. Finally, the tissues were placed coronally in embedding
molds (Matrix Laboratories, 30 x 24 x 5 mm) to generate paraffin
blocks.

Tissue Section 5-pm thick were taken from each tissue. Paraffin was
removed, and the tissues were rehydrated. Tissue was incubated in 2 %
IgG-free bovine serum albumin (BSA, Sigma, USA) to block non-specific
binding sites. Then, the samples were permeated with 0.2 % Triton X-
100 and subsequently incubated overnight at 4 °C with primary anti-
bodies, Glial Fibrillary Acidic Protein (GFAP; 1:1000, Millipore Ab7260)
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as a marker for astrocytes and Nuclear factor erythroid 2-related factor 2
(Nrf2, sc-722; 1:50, Santa Cruz Biotechnology Inc., CA, USA), which
were followed by FITC-labeled anti-rabbit secondary antibodies (1:100,
Jackson Immuno Research Laboratories Inc.; green channel). The slides
were coverslipped in VectaShield medium with DAPI (Vector Labs., CA)
for nuclear staining (blue channel). Photomicrographs were taken in a
fluorescence microscope (Leica Microsystems GmbH, Wetzlar, Ger-
many) and projected with a Leica IM1000 version 1.20 release-9 com-
puter-based program (Imagic Bildverarbeitung AG, Leica Microsystems,
Heerbrugg, Switzerland).

Three consecutive slices of each brain tissue were used to observe the
cornu ammonis (CA)— 1, — 3, and dentate gyrus (DG) regions of the
hippocampal neurons at 40X. The immunoreactive number of cells for
each of the antibodies was counted. The criteria to define reactive as-
trocytes included high immunoreactivity for GFAP, denoting soma and
branch extension. Meanwhile, Nrf2 immunoreactivity was detected
around the nucleus and cytoplasm of hippocampal cells. The scale bar
was adjusted to 30 um. Five fields per slide (185 um x 135 pym) were
analyzed and expressed graphically as average per group =+ standard
error of the mean (SEM). All count measurements were performed by a
morphology specialist who was unaware of the particularities of the
study.

2.9. Statistical analysis

A Shapiro-Wilk normality test was performed to verify that the
different data come from a normally distributed population. The results
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were expressed as the mean + SEM for all experiments. The results were
analyzed by a Two-way ANOVA followed by a Bonferroni test, where
p < 0.05 was considered significant. Data were analyzed using Graph-
Pad Prism 9.0 (GraphPad Software Inc., USA). Two-way ANOVA
analyzed treatment’s interaction on aging as independent variables;
only significant F statistics are discussed.

3. Results
3.1. Decavanadate compounds improve object recognition memory

The data showed that the distance covered by the control young
adult group was 1463 + 52.4 cm, while the control aging group was
1100 + 25.3 cm, and the rats of the MV group registered an average of
1010 + 26 cm. The DV, Metf, and MetfDeca groups walked a distance of
1226 + 143 cm, 1286 + 34 cm, and 1172 + 34 cm, respectively. The
covered distance between treated groups was statistically different than
the control young adult group (P < 0.0001; F = 29.04), but they were
not different from the control aging group (P = 0.5225; F = 8.71;
Fig. 2A).

The animals were placed in a box with two identical objects in the
familiarization phase. The objective was to quantify the time that the
animals of each group explored similar objects for 5 min. The data
revealed that the mean exploration time was as follows, control young
adult by 36.4 £ 1 s; control aging by 26.0 + 1 s; MV by 27.4 + 2s; DV
by 27.8 £ 1 s; Metf by 28.0 £ 1 s, and MetfDeca by 29.0 + 1 s (Fig. 2B).
Statistical analysis showed significative difference regarding control
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Fig. 2. Treatment with MetfDeca improves recognition memory in rats aging. The NORt was performed by (1) Control young adult; (2) Control aging; (3) MV
(metavanadate); (4) DV (decavanadate); (5) Metf (Metformin); and (6) MetfDeca. Data are reported as mean =+ standard error of the mean (SEM; n = 8 per group).
(a) Distance traveled; (b) Exploration time; (c) recognition index (STRM); and (d) recognition memory (LTRM). A two-way ANOVA test was used to analyze the
vanadium treatment interaction on aging as independent variables, and a Bonferroni post-test was used to analyze significant differences (P < 0.05). (*) Indicates
significant differences from the control aging group. (#) Significant differences from the control young adult group.
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young adult (P < 0.0001; F = 18.33), but they not from the control
aging group (P = 0.7987; F = 3.46).

The recognition indexes were recorded in the third phase to evaluate
the STMR and LTMR. At this stage, the animals were exposed to a new
object. The novel and familiar objects exploration time were 2 and 24 h
after the familiarization stage. The results indicate that STMR and LTMR
recognition indexes diminished in control aging (17.6 % and 33.7 %)
and MV (22.8 % and 37.8 %) groups versus the control young adult
group (P < 0.01; F=15.07). Meanwhile, DV, Metf, and MetfDeca
treatments were not statistically different from the control young adult
group. STMR and LTMR indexes increased significantly in the animals
treated with DV (28 % and 16 %;), Metf (19 % and 20 %), and MetfDeca
(21 % and 27 %) compared to the control aging group (P < 0.0001;
F = 28.4). The MV treatment did not show significant changes in the
recognition index compared to the control aging group (Fig. 2C - D).

3.2. Effect of treatments on redox biomarkers in the hippocampus of aged
rats

The oxidative status was evaluated by ROS and LPO quantification in
the Hp of the experimental groups (Fig. 3A and 3B). ROS was signifi-
cative increased in control aging (61.7 %) and MV (73.3 %) groups
compared to the control young adult group (P < 0.0001; F = 53.3),
while DV, Metf, and MetfDeca groups were not different. Additionally,
LPO was significative augmented in control aging (168.2 %), MV (189.5
%), DV (99.2 %), Metf (94.1 %), and MetfDeca (77.5 %) groups
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compared to the control young adult group (P < 0.0001; F = 32.3).

On the other hand, ROS and LPO levels in the control aging and MV
groups were not statistically different. However, in DV, Metf, and
MetfDeca groups, the hippocampal ROS and LPO concentrations
significantly decreased in 38 %, 36 %, and 39 % (P < 0.0001; F = 50.2),
and 25 %, 28 %, and 34 % (P < 0.0001; F = 21.2), respectively,
regarding aging control group.

The anti-oxidant biomarkers analyzed were SOD and CAT activity.
The hippocampal SOD activity was significatively decreased in control
aging (33.4 %) and MV (34.5 %) groups versus the control young adult
group (P < 0.0001; F = 18.5), while DV, Metf, and MetfDeca groups did
not show differences. DV, Metf, and MetfDeca treatments significantly
increased SOD activity by 41 %, 39 %, and 75 % regarding the control
aging group (P < 0.0001; F = 36.7; Fig. 3C). Likewise, low CAT activity
was shown in control aging (41 %), MV (41.7 %), DV (17.4 %), and Metf
(17.8 %) regarding the control young adult group (P < 0.0001;
F = 38.8), while MetfDeca group was not different. A significant in-
crease was observed in the DV (42 %), Metf (41 %), and MetfDeca (73 %)
groups regarding the control aging (P < 0.0001; F = 26.3; Fig. 3D).

We also analyzed the immunoreactivity of Nrf2 as a transcription
factor that plays a key role in maintaining anti-oxidative defense. Fig. 4A
shows the experimental group photomicrographs from the hippocampal
CAl, CA3, and dental gyrus (DG) regions. In the CA1l region (Fig. 4B),
the Nrf2 immunoreactivity observed in control young adult group was 1
+ 1 cells per field, while control aging and MV groups show a signi-
ficatively increase by 8 + 2 and 6 + 3 cells per field (P < 0.0001; F =
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Fig. 3. Redox balance in the hippocampus of rats aging. The redox balance was performed by (1) Control young adult; (2) Control aging; (3) MV (metavanadate); (4)
DV (decavanadate); (5) Metf (Metformin); and (6) MetfDeca. Data are reported as mean =+ standard error of the mean (SEM; n = 4 per group). (a) ROS assay; (b)
Lipid peroxidation assay; (c) Superoxide activity test; and (d) Catalase activity assay. A two-way ANOVA test was used to analyze the vanadium treatment interaction
on aging as independent variables, and a Bonferroni post-test was used to analyze significant differences (P < 0.05). (*) Indicates significant differences from the
control aging group. (#) Significant differences from the control young adult group.
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Fig. 4. Nrf2 expression in the hippocampal subregions. The Nrf2 expression was performed by (1) Control young adult; (2) Control aging; (3) MV (metavanadate);
(4) DV (decavanadate); (5) Metf (Metformin); and (6) MetfDeca. Data are reported as mean =+ standard error of the mean (SEM; n = 4 per group). (a) Photomi-
crographs of cell immunoreactivity to Nrf2; control young adult (red color), for the rest of the groups (green color), DAPI (nuclei in blue color) in the CA1-CA3-DG
subfields of hippocampi; (b) Number of immunoreactive cells (24,975 um?). A two-way ANOVA test was used to analyze the vanadium treatment interaction on aging
as independent variables, and a Bonferroni post-test was used to analyze significant differences (P < 0.05). (*) Indicates significant differences from the control aging

group. (#) Significant differences from the control young adult group.

11.3), whereas DV, Metf, and MetfDeca groups showed an average by 2
+2,3+2,and 1 £ 1 cell per field that were not statistically different.
Regarding the control aging group, MV treatment was not different,
while DV, Metf, and MetfDeca groups significative diminished the
number of Nrf2 immunoreactive cells by 75 %, 62.5 %, and 87.5 %
(P < 0.0001; F = 23.5). The control young adult group showed in the
CA3region (Fig. 4 C) an average of 1 &+ 1 Nrf2 immunoreactive cells per
field, while control aging and MV groups show a significatively increase
by 5+ 1 and 4 + 1 cell per field (P < 0.05; F = 19.6), whereas, in the
DV, Metf, and MetfDeca groups, the averagewas2 + 1,3 + 1,and1 + 1
cell per field, without statistical difference. Regarding the control aging
group, MV treatment was not different, while DV, Metf, and MetfDeca
groups significative diminished the number of Nrf2 immunoreactive
cells by 60 %, 40 %, and 80 % (P < 0.01; F = 13.8). Finally, the control
young adult group showed in DG (Fig. 4D) an average of 1 + 1 Nrf2
immunoreactive cells per field, while control aging and MV groups
showed a significative increase by 9 £3 and 8 + 3 cell per field
(P < 0.0001; F=25.6), whereas DV, Metf, and MetfDeca groups
showed an average by 2 + 2, 2 + 2, and 1 £ 1 cell per field, without
statistical difference. In this region, the MV group was not different from
the aging control group. DV, Metf, and MetfDeca groups significantly
diminished the number of Nrf2 immunoreactive cells by 78 %, 78 %, and
89 % regarding the aging control group (P < 0.01; F = 16.7).

3.3. Effect of treatments on neuroinflammation in the hippocampus of
aged rats

In brain aging, neuroinflammation is observed in the rat hippo-
campus. The intense immunoreactivity of GFAP in Hp represents the
first approach to evidence of the cerebral inflammatory response in
aging (Fig. 5A). In the CA1l (Fig. 5B), the control young adult group
showed an average of 2 £ 1 immunoreactive cell per field, and the

astrocyte number significatively increased in control aging and MV
groups by 17 &+ 3 and 16 =+ 4 cells per field (P < 0.0001; F = 62.7). At
the same time, this parameter was not different in DV, Metf, and Metf-
Deca groups regarding the control young adult group. DV, Metf, and
MetfDeca treatments significatively diminished the number of reactive
astrocytes regarding the control aging group in the CA1 by 70 %, 76.5 %,
and 82 %, respectively (P < 0.0001; F = 39.9). In the CA3 (Fig. 5C), the
control young adult group, the reactive astrocyte average was 3 + 1 cells
per field, while the control aging and MV groups showed a significative
increase by 10 + 5 and 11 + 4 cells per field (P < 0.01; F = 13.1), and
DV, Metf, and MetfDeca groups were not different. At the same time, DV,
Metf, and MetfDeca treatments significatively diminished the number of
reactive astrocytes regarding the control aging group in the CA3 by 60
%, 50 %, and 70 % (P < 0.05; F = 9.5). In the DG region (Fig. 5D), the
reactive astrocyte average in the control young adult group was 4 + 1
cells per field, observing a significative increase in the control aging and
MV groups 14 + 2 and 16 + 4 cells per field (P < 0.001; F = 33.8), but
without statistical difference in DV, Metf, and MetfDeca groups.
Regarding the control aging group, the DV, Metf, and MetfDeca treat-
ments significatively diminish the number of reactive astrocytes by 57
%, 43 %, and 71 % (P < 0.05; F = 10.4).

Additionally, we quantified the concentration of IL-1p and TNF-« in
the Hp of experimental groups (Fig. 6A - B). The results showed a sig-
nificant increase in control aging (70 % and 78 %) and MV (74.5 % and
80.4 %) groups, regarding the control young adult group (P < 0.0001;
F = 46.5), but the groups treated with DV, Metf, and MetfDeca were not
statically different. Meanwhile, a significant decrease was observed in
the DV (40 % and 21.5 %), Metf (40 % and 23 %), and MetfDeca (45 %
and 30 %) groups compared to the aging control group (P < 0.0001;
F=35.1).
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Fig. 5. GFAP expression in the hippocampal subregions. The GFAP expression was performed by (1) Control young adult; (2) Control aging; (3) MV (metavanadate);
(4) DV (decavanadate); (5) Metf (Metformin); and (6) MetfDeca. Data are reported as mean =+ standard error of the mean (SEM; n = 4 per group). (a) Photomi-
crographs of cell immunoreactivity to GFAP (green color) and DAPI (nuclei in blue color) in the CA1-CA3-DG subfields of hippocampi; (b) Number of immunore-
active cells (24,975 um?). A two-way ANOVA test was used to analyze the vanadium treatment interaction on aging as independent variables, and a Bonferroni post-
test was used to analyze significant differences (P < 0.05). (*) Indicates significant differences from the control aging group. (#) Significant differences from the

control young adult group.
4. Discussion

Aging is a universal, intrinsic, progressive, and multifactorial
degenerative process. Different theories have tried to explain the causes
of this process. One of the most accepted is the free radical theory of
aging. This theory postulates that aging results from deteriorated pro-
tective mechanisms that counter oxidative stress damage. Chronically,
oxidative stress results in inflammation, immune defects, and cell
damage (Johnson et al., 2019; Pomatto and Davies, 2018; Vina, 2019).
Currently, the therapeutic strategies are based on caloric restriction,
limited amounts of some nutrients, consumption of phytochemicals,
such as polyphenols, phytosterols, carotenoids, terpenoids, etc., vitamin
and mineral supplementation, such as ascorbic acid or vitamin C, to-
copherols like vitamin E, carotenoids, zinc, magnesium, calcium, and
some essential polyunsaturated fatty acids (Cummings and Lamming,
2017; Jodynis-Liebert and Kujawska, 2020; Pal and Badireenath Kon-
kimalla, 2016). The pharmacological approaches focus on
anti-inflammatory, neurotrophins, and metabolic treatments (Flores
et al., 2020). Our workgroup has reported that POVs act on multiple
signaling pathways, improving the metabolic status and redox balance
in central and peripheral tissues (Diaz et al., 2021; Trevino and
Gonzalez-Vergara, 2019). Therefore, in this study, we investigated if
POVs administration positively impacts oxidative stress and inflamma-
tion in the hippocampus of aging Wistar rats.

4.1. POVs and Metformin treatments improve age-memory loss

The locomotor and memory alterations linked to age have been
observed in rats 18 and 22 months of age (Aguilar-Hernandez et al.,
2020; Tomm et al., 2018). The reduction in locomotor activity has been
related to changes in the structure of the basal ganglia, caudate, puta-
men, and nucleus accumbens (Aguilar-Hernandez et al., 2020; Flores

et al.,, 2016). However, the hippocampus processes and distributes
spatial information and behavioral response to contribute to
goal-directed trajectory planning from cornu ammonis (CA) regions (Luo
et al., 2011; Wirtshafter and Wilson, 2019). Our results showed that
aging reduces locomotor and exploration activity, and treatments are
ineffective in improving them (Fig. 2A-B). In previous reports, rats with
metabolic syndrome observed locomotor training improved after two
months of Metformin or MetfDeca treatment (Diaz et al., 2021;
Munoz-Arenas et al., 2020).

Our results also showed that learning and memory processes are
significantly reduced in aged animals compared to young animals
(Arias-Cavieres et al., 2017; Tomm et al., 2018). The hippocampal aging
commonly results in defective Ca?" signaling and oxidative stress,
leading to significant neuronal function perturbations, glutamatergic
synaptic transmission deficits, impairment of long-term potentiation
(LTP), and cognitive decline (Arias-Cavieres et al., 2017). However,
POVs and Metformin treatments recover the STRM at the same level as
the control young adults, showing a high interaction in aging animals
(Fig. 2C). Meanwhile, vanadate salt has not demonstrated an effect. The
slow decomposition kinetics of POVs (=11 h) can generate smaller
oxidovanadate species with biological activity, which improve cell
functions, inflammation, and balance redox (Silva-Nolasco et al., 2020).
These results agree with previous reports (Diaz et al., 2021;
Munoz-Arenas et al., 2020), where improvement in recognition memory
is linked to reducing cerebral oxidative stress, which has been reported
as one of the factors contributing to the neurodegeneration and death of
hippocampal neurons (Diaz et al., 2018).

On the other hand, LTRM does not reach the capacity shown by the
young controls. Results demonstrated a significant difference but a low
interaction of treatment and age regarding LTRM. Probably, POVs and
Metformin ameliorated synaptic communication, maintenance of neural
structures, and cell death reduction; however, more studies must be
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Fig. 6. Inflammaging in the hippocampus of rats aging. The inflammation was
performed by (1) Control young adult; (2) Control aging; (3) MV (meta-
vanadate); (4) DV (decavanadate); (5) Metf (Metformin); and (6) MetfDeca.
Data are reported as mean =+ standard error of the mean (SEM; n =4 per
group). (a) IL-1f; (b) TNF-a. A two-way ANOVA test was used to analyze the
vanadium treatment interaction on aging as independent variables, and a
Bonferroni post-test was used to analyze significant differences (P < 0.05). (*)
Indicates significant differences from the control aging group. (#) Significant
differences from the control young adult group.

conducted on this matter (Starkman et al., 2003). Metformin and
MetfDeca treatments have been demonstrated to improve the neural
morphology of hippocampal regions, CA1, CA3, and DG (Diaz et al.,
2021; Munoz-Arenas et al., 2020). Particularly, Metformin administra-
tion increases synaptophysin and brain neurotrophic factors, which are
associated with recovery of the branching order and dendritic spine
density (Munoz-Arenas et al., 2020). Morphological changes in hippo-
campal aging have been related to oxidative stress and inflammatory
processes (Quinones et al., 2020; Valdés-Ferre et al., 2020). Harman, in
1956 postulated that aging and age-associated degenerative diseases are
a consequence of free radical attacks on cells and tissues (Vina, 2019).
Oxidative stress induces lipid peroxidation and damages proteins and
DNA, altering multiple organelles structurally (Pomatto and Davies,
2018).

4.2. POVs and Metformin treatments improve hippocampal redox balance

Hippocampal ROS and LPO levels increased in a time-dependent
manner, and a strong interaction was observed regarding the age vari-
able. Although MV treatment did not show a positive effect on
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hippocampal oxidative stress, POVs and Metformin treatments dimin-
ished hippocampal ROS after two months at the level of young adult
control (Fig. 3A). Statistical analysis demonstrated that independent
variable "treatments" had the higher interaction (F = 50.3) in this study.
For therapy with salts or vanadium compounds, it is a general rule that
the administration must be below 0.01 x 10~ M. A concentration above
1.0 x 1073 M could have toxic effects (Jakusch and Kiss, 2017; Trevifio
etal., 2019; Trevino and Diaz, 2020). Although the effective therapeutic
dose of POVs has not yet been established, it is known that route, con-
centration, time of administration, and the speciation of the metal are
determinants. In voluntary supplementation, vanadium occurs mainly
as vanadyl (V*) or vanadate (V°1) (Thompson and Orvig, 2006).

Meanwhile, POVs such as DV and MetfDeca are slowly bio-
transformed to vanadate since the pH and oxidative environment
generated by aging favor the speciation. Several studies have shown that
high ROS, H30, and superoxide anion (eO3) over-generated in mito-
chondria or NADPH complex carry hydrolytic degradation of POVs to
vanadate. In this sense, POVs have excellent stability and biodistribution
that permit them to exert their biological functions in less accessible
tissues such as the brain instead of vanadate salts, which are bio-
transformed to V** species into the liver. Decavanadate and MetfDeca
have been shown to diminish mitochondrial e0% and prevent ROS
(Aureliano, 2011; Trevino and Gonzalez-Vergara, 2019). However, the
mechanisms are still unclear. Likewise, Metformin treatment can pre-
vent neurodegenerative disorders associated with oxidative stress
(Algire et al., 2012). Some studies have shown the beneficial effects of
Metformin in age-related diseases, recommending its administration
even in nondiabetic individuals (Gorgich et al., 2021; Ng et al., 2014; Shi
et al., 2019; Zhao et al., 2019). However, MetfDeca, as a chimeric
compound, offers beneficial activity described to both POVs and Met-
formin in lower doses, which prevents toxic effects.

Excessive ROS can generate LPO, and the hippocampus is susceptible
to structural and DNA damage caused by LPO accumulation (Ferrer
et al., 2017). Malondialdehyde (MDA) and 4- hydroxy-2-nonenal (HNE)
are major LPO species (Casanas-Sanchez et al., 2015; Song et al., 2021).
High MDA, HNE, and HNE-modified proteins are present in the senile
plaques in Alzheimer’s disease (Echtay et al., 2003). These findings
support the hypothesis that LPO contributes to the deterioration of CNS
function. Our results confirmed that a high level of hippocampal LPO is
strongly associated with aging (F = 32.3; Fig. 3B). The metavanadate
administration did not improve this damage biomarker. Meanwhile, DV,
Metformin, and MetfDeca treatments reduced LPO levels (F = 21.1;
Fig. 3B). As discussed previously, by diminishing ROS levels, lipid per-
oxidation decreases. However, the anti-oxidant defense also plays a
critical role in preventing neural damage. The robust cell protection is
exerted by SOD and CAT activity. The aging significantly decreases the
hippocampal activity of both enzymes. Decavanadate and Metformin
treatments improved CAT activity; even SOD activity was similar to the
control in young adults. However, MetfDeca treatment observed the best
anti-oxidant enzyme activity in the hippocampi of aging rats (Fig. 3C -
D). Statistical analysis demonstrated a predominant interaction of
treatments above age. Additionally, we analyzed the Nrf2 expression
because it is a transcriptional factor that senses oxidative stress and
modulates balance redox. Nrf2 triggers the transcription of phase II
detoxification enzymes and anti-oxidants, such as heme oxygenase 1,
y-glutamylcysteine synthetase, glutathione S-transferase, CAT, and SOD
(Cui et al., 2017). Interestingly, control-aging and MV groups observed
more immunoreactive cells in CAl, CA3, and DG regions than in young
adult rats, possibly as a mechanism to avoid, at least in part, neural
damage. POVs and Metformin treatments diminish Nrf2 immunoreac-
tivity in the hippocampal regions studied. However, CA1 showed higher
treatment interaction (F = 23.5; Fig. 4B), followed by DG (F = 16.7;
Fig. 4C) and CA3 (F = 13.8; Fig. 4D). This behavior may be related to the
expression pattern that mainly appears in the cytoplasm around the
nucleus (Fig. 4A). Hence, it would be interesting to delve into the study
of this pathway to establish precise mechanisms of Metformin and POV
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treatments.

A few studies have explored Nrf2 after vanadium treatment. Kim
et al. observed that in liver culture cells, treatment with vanadyl sulfate
induced the nuclear translocation and accumulation of active Nrf2,
presumably mediated by the phosphorylation activity of extracellular
signal-regulated kinase (ERK) (Kim et al., 2011). Contrarily, the Scibior
workgroup reported that sodium metavanadate administration in a ro-
dent model led to an increase in MDA in erythrocytes, kidneys, and liver
(Scibior et al., 2018, 2010, 2009). It also attenuated anti-oxidant defense
mechanisms by oxidative stress mechanisms. Still, elevated Nrf2 levels
were observed (Scibior et al., 2021). Previously, we reported that after 2
months of administration of sodium metavanadate in a type 1 diabetes
model, alloxan induction did not improve Nrf2 expression in the liver,
but it did in muscle. Meanwhile, MetfDeca treatment improved Nrf-2
regulation in both tissues, even before insulin treatment. MetfDeca
treatment also enhanced the SOD and CAT activity and GSH levels,
reducing oxidative stress and LPO biomarkers more effectively than
insulin treatment (Trevino and Gonzalez-Vergara, 2019). In a model of
hippocampal senescence induced by metabolic syndrome, MetfDeca
treatment ameliorated oxidative damage and activity of anti-oxidant
enzymes, possibly via Nrf2. In the present study, our results suggest
that in hippocampal regions, Nrf2 regulation is finely controlled by
oxidative environmental and corepressors of Keapl-Nerf signaling,
which declines during aging (Rahman et al., 2013). Furthermore, recent
evidence supports the role of Nrf2 signaling in controlling energy
metabolism (Ishii et al., 2018). Therefore, Nrf2 has critical functions for
maintaining tissue integrity. Nrf2 can be upregulated via adenosine
5’-monophosphate-activated protein kinase (AMPK) (Yu et al., 2020).
AMPK is a cellular energy sensor that regulates energy balance and
caloric intake energy, and it is a molecular target of Metformin treat-
ment. Therefore, the AMPK pathway is neuroprotective. Hippocampal
overexpression has been reported in rodent models of metabolic syn-
drome and acute stroke patients with type 2 diabetes (Munoz-Arenas
et al., 2020; Yu et al., 2020; Zhao et al., 2019).

4.3. POVs and metformin treatments reduce hippocampal inflammation

Redox-sensitive transcription factors such as nuclear factor kappa B
(NF-kB) are activated by ROS, inducing the expression of inflammatory
proteins, such as tumor necrosis factor-alpha (TNF-a), interleukins (IL-
1p and —6), mainly by reactive microglia (Sivandzade et al., 2019). The
ROS and inflammatory signaling are redundant and accentuate with age.
Therefore, increasing evidence associates aging and age-related diseases
with oxidative stress and inflammation (Diaz et al., 2018; Flores et al.,
2016; Ruiz-Salinas et al., 2020). Inflammaging is an inflammatory
response of low-grade, slow, chronic upregulation, which is progressive
in the aging brain, causing neurobiological modifications (Deleidi et al.,
2015). The inflammation affects most of the CNS, particularly the hip-
pocampus, that when impaired, leads to deficient cognitive functions.
Our results showed more elevated IL-1f and TNF-a concentrations in
control aging and MV groups than in young-adult rats, with high
interaction (F = 46.5). Meanwhile, groups administered with DV, Met-
formin, and MetfDeca significantly diminished IL-18 and TNF-«a at the
level of a younger rat (Fig. 6A — B). Vanadium compounds have
demonstrated that they inactivate NF-kB and decrease inflammation
(Gallardo-Vera et al., 2018; Semiz, 2022; Tsave et al., 2016). Likewise,
MetfDeca treatment also reduces pro-inflammatory cytokines in the
hippocampus of rats with metabolic syndrome (Diaz et al., 2021).
Metformin treatment also reduces inflammation by activating the
AMPK/Silent information regulator T1 (Sirtl) pathway (Chen et al.,
2020). Sirt1 is an NAD"-dependent histone deacetylase, playing diverse
roles in stress resistance, apoptosis, senescence, aging, and inflamma-
tion. Sirtl diminishes concentration and inhibits NF-kB activity, hence
the inflammation (de Gregorio et al., 2020). The POVs could modulate
inflammation of both ERK and NF-kB pathways, while MV treatment has
the opposite effect (Tsave et al., 2016).

Journal of Chemical Neuroanatomy 129 (2023) 102256

Evidence demonstrates that inflammation and lack of microglial
and/or astrocyte support are responsible for neuronal degeneration
(Lana et al., 2021). Microglia in normal aging upregulate immune,
pro-inflammatory responses, and neuroprotective signaling pathways,
which could promote the activation of astrocytes (Grabert et al., 2016;
Liddelow and Barres, 2017). Astrocyte overactivity, namely astrocytosis,
is characterized by a significant increase in GFAP expression, which
correlates with our results. Control aging and MV groups observed more
intense immunoreaction to GFAP in CAl, CA3, and DG than in the
control young adult group (Fig. 5A). GFAP demonstrated the most
interaction regarding age in CAl (F = 62.7), DG (F = 33.8), and CA3
(F = 13.1); thereby, results indicate that it could be the neurodegener-
ative order in the hippocampal regions. GFAP, inflammation, and
oxidative stress were associated with aging, as in other works (Clarke
et al., 2018; Middeldorp and Hol, 2011). Rodents were found to have
more reactive/activated astrocytes, although they are not more
numerous (Burda and Sofroniew, 2014; Liddelow and Barres, 2017).
However, GFAP reactivity diminished after administering DV, Metfor-
min, and MetfDeca (Fig. 5B - D). Treatments improve astrocytosis in the
same order that aging affects the hippocampal regions, with a high
interaction in CA1 (F = 39.9) and a low interaction in DG (F = 10.4) and
CA3 (F = 9.5). These findings are a novelty because, to our knowledge,
there are no previous reports of this. The improvement observed by
POVs and Metformin treatments is congruent with cognitive function
recovery. In this way, the MetfDeca administration has also reported
amelioration of neuronal features in hippocampal subregions. Mean-
while, Bis (ethylmaltolato) oxidovanadium (BEOV) administration in a
transgenic model mouse with Alzheimer’s disease (AD) decreased the
time to find the platform in the Morris Water Maze, the generation of
Amyloid-p peptide (Ap), tau hyperphosphorylation and f-secretasel in
the hippocampus and cortex. Dong et al. observed cognitive function
preservation and attenuation of neuron loss after administrating vanadyl
(IV) acetylacetonate (0.1 mmol/kg/day) in AD in vitro and in vivo
models. However, it did not reduce the Ap plaques (Diaz et al., 2021).

5. Conclusion

In summary, cognitive functions, such as learning and memory
processes, were reduced in aged animals. These alterations were asso-
ciated with oxidative stress and inflammaging in the hippocampus,
linked to astrocytosis in the CAl, CA3, and DG subregions. After
administrating oral dosages of MV, DV, Metformin, and MetfDeca to 18-
month rats for two months, MV treatment did not modify oxidative
stress, inflammation, and astrocytosis; hence it did not enhance the
STRM and LTMR. Meanwhile, treatments with DV, Metformin, and
MetfDeca ameliorate all parameters evaluated. Our results suggest that
POVs and Metformin finely regulate Nrf2, a key redox balance sensor in
hippocampal regions, which improves anti-oxidant defense, reduces
oxidative stress and inflammation biomarkers, and prevents age-
cognitive function loss. Remarkably, the POV dosages were 16-fold
lower and more effective than the Metformin dose. In conclusion, dec-
avanadate and metforminium-decavanadate could be pharmacological
options to reduce aging-associated neuronal damage.
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