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A B S T R A C T   

It has been established that ageing is the major risk factor for cognitive deficiency and it is becoming increasingly 
evident that insulin resistance is another factor. Biological plausibility for a link between insulin resistance and 
dementia is relevant for understanding disease etiology, and to form bases for prevention efforts to decrease 
disease burden. In the present study, peripheral and central insulin resistance was found in SAMP8 mice (aging 
mouse model) accompanied by cognitive deficiencies. Furthermore, a marked peripheral inflammatory state was 
observed in SAMP8 mice, followed by neuroinflammation that could be due to a higher cytokine leaking into the 
brain across an aging-disrupted blood brain barrier. Moreover, aging-induced gut dysbiosis produces higher 
TMAO that could also contribute to the peripheral and central inflammatory tone as well as to the cognitive 
deficiencies observed in SAMP8 mice. All those alterations were reversed by DMB, a treatment that decreases 
TMAO levels. Data obtained from this project suggest that microbial dysbiosis and increased TMAO secretion 
could be a key link between aging, insulin resistance and dementia. Thus, pharmacological intervention that 
leads to decreased TMAO levels, such as DMB, could open a new avenue for the future treatment of neurode-
generative diseases.   

1. Introduction 

Aging is a natural process which is often related to inflammation and 
the progressive impairment of several physiological functions including 
metabolic homeostasis, leading to insulin resistance (De Felice, 2013; 
Fang et al., 2018; Fernandes et al., 2001; Kushner, 2013; Zhao et al., 
2004). 

Recent studies have hypothesized that peripheral metabolic dysre-
gulation may play an important role in cognitive decline, suggesting 
similar mechanisms between neuronal and peripheral insulin resistance 
(Frazier et al., 2019). High peripheral insulin levels have been related 
with poor cognitive function in aged patients (Kuusisto et al., 1993; 
Stolk et al., 1997). Moreover, a chronic elevation of insulin levels was 
also linked to a major decline in performance in healthy aged people, 
showing that peripheral insulin resistance and a prediabetic state were 

also associated to worse performances (Burns et al., 2012). However, the 
molecular mechanisms underlying this crosstalk are still elusive, as well 
as how central and peripheral insulin signaling operate in cognitive 
decline (Biessels and Despa, 2018). 

Accumulating evidence has shown that crosstalk between insulin 
signaling and low-grade inflammatory tone could be one of the main 
processes leading to the initiation of neuronal insulin resistance (Thaler 
et al., 2013; Velloso et al., 2011; Konner et al., 2011). Hence, activation 
of inflammatory cascades within the brain, either secondary to elevated 
saturated free fatty acid or associated with increased release of proin-
flammatory cytokines, impairs insulin signaling directly (Velloso et al., 
2011; Konner et al., 2011). Increased levels of pro-inflammatory cyto-
kines, particularly tumor necrosis factor alpha (TNF-α) activates c-Jun 
terminal kinase (JNK), resulting in insulin receptor substrate 1 (IRS1) 
suppression by increasing the inhibitory phosphorylation and 
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decreasing activating phosphorylation (Hotamisligil et al., 1993; Rui 
et al., 2001; Pedersen et al., 2003). Interestingly, local inflammation is 
also a common feature of brain aging. Glial cells, often exhibit an acti-
vated state in the aged brain that is characterized by the acquisition of 
an ameboid morphology and the production of pro-inflammatory cyto-
kines including interleukin 1β (IL-1b), IL6, and TNF-α (Cribbs et al., 
2012; Norden and Godbout, 2013). Noteworthy, blood brain barrier 
(BBB) integrity can be disrupted by neuroinflammation associated with 
many age-related disorders as Alzheimer’s disease (AD) (Cai et al., 
2018). Thus, aberrant amounts of plasma pro-inflammatory cytokines 
may enter the brain via the BBB and cause inflammation by altering 
microglial (Erny et al., 2015) and astrocyte activation (Rothhammer 
et al., 2016) and subsequent brain cytokine release. Therefore, insulin 
resistance and neuroinflammation are interconnected pathological fea-
tures and both are directly or indirectly considered to be two major 
culprits in cognitive disturbances (Ferreira et al., 2014). 

On the other hand, aging is also characterized by changes in gut 
microbiota composition decreasing its diversity, what could play a key 
role in the development of several disturbances such us insulin resis-
tance and even neuropathologies (Janeiro et al., 2021). Dysbiosis is able 
to reduce expression of tight junction proteins in the gut, inducing in-
testinal inflammation and a major permeability, what favors the passage 
of gut metabolites to the circulatory system (Janeiro et al., 2021). 
Among these microbial metabolites, trimethylamine N-oxide (TMAO) 
has been recently shown to exacerbate insulin resistance (Chen et al., 
2019; Gao et al., 2015; Oellgaard et al., 2017) and it has been also 
related to inflammation and cognitive decline (Janeiro et al., 2018). 
Moreover, mice fed a Western diet, a risk factor for insulin resistance, 
have greater plasma TMAO concentrations and show a higher expression 
of pro-inflammatory cytokines, such as TNF-α and IL-1β and a decrease 
in the expression of anti-inflammatory cytokines (IL-10). The treatment 
with 3,3-dimethyl-1-butanol (DMB), that inhibits the choline TMA lyase 
enzyme (one of the key enzymes for TMAO synthesis), prevented all 
those outcomes and lowered plasma TMAO levels (Chen et al., 2017). 

To elucidate the basic mechanisms of age-related changes and 
develop effective drugs for the prevention of age-related diseases, the 
establishment of appropriate animal models with human-like charac-
teristics is essential. SAM (senescence-accelerated mouse) has already 
been established as a mouse model for accelerated aging. It is actually 
made up of a group of related inbred mice that include nine short-lived 
animal strains susceptible to accelerated senescence (SAMP) and three 
long-lived mice resistant to accelerated senescence (SAMR). Specifically, 
in the present work, SAMP8 strain has been chosen as it shows relatively 
specific age-associated phenotypic pathologies such as a shortened life 
span and early manifestation of senescence. Furthermore, the SAMP8 
mouse develops early learning and memory deficits (between 8 and 10 
months) (Orejana et al., 2013, 2015; Vela et al., 2019) together with 
other characteristics similar to those seen in AD (Akiguchi et al., 2017), 
such as, elevated amyloid-beta burden (Takemura et al., 1993; Fukunari 
et al., 1994; Morley et al., 2000; Manich et al., 2011; Del Valle et al., 
2010, 2011), hyperphosphorylation of tau (Canudas et al., 2005), 
increased alpha synuclein (Caballero et al., 2008), an increase in pre-
sinilin (Kumar et al., 2009), hippocampal alterations (Armbrecht et al., 
2014), epigenetic changes (Griñán-Ferré et al., 2018; Cosín-Tomás et al., 
2018), increased oxidative damage (Butterfield and Poon, 2005), 
decreased choline acetyl transferase activity (Strong et al., 2003), 
increased glutamate (Kitamura et al., 1992), altered NMDA function 
(Nomura et al., 1997) and increased neuronal nitric oxide synthase (Ali 
et al., 2009). 

Hence, in this study, the plausible link between peripheral insulin 
resistance and cognitive decline has been investigated, with a focus on 
inflammation and gut dysbiosis as persuasive linking mechanisms. 

2. Material and methods 

2.1. Animals 

Experiments were carried out in a total of 66 mice which were 
divided in 6 subgroups: SAMR1 2 months-old (n = 11), SAMP8 2 month- 
old (n = 8), SAMR1 6 month-old (n = 12), SAMP8 6 month-old (n = 10), 
SAMR1 10 month-old (n = 17) and SAMP8 10 month-old (n = 8). 
SAMP8 female mice do not display the strong accelerated senescence 
phenotype observed in males. Therefore only males have been used in 
the present work. Animals were housed in a temperature- (21 ± 1 ◦C) 
and humidity- (55 ± 5%) controlled room on a 12-h light/dark cycle. 

For DMB (3,3-dimethyl-1-butanol) treatment, eighteen SAMR1 and 
eighteen SAMP8 mice aged 6 months were randomly divided into four 
experimental groups as follows (n = 9 per group): SAMR1 control group 
(R1-C), SAMR1 mice treated with 1% (vol/vol) DMB group (R1-DMB), 
SAMP8 mice control group (P8-C), SAMP8 mice treated with 1% (vol/ 
vol) DMB group (P8-DMB). DMB (TCIAD1333, VWR, TCI Europe) was 
given in drinking water for 9 weeks and renewed every week. 

Animal handling and breeding was conducted in accordance with the 
principles of laboratory animal care as detailed in the European Com-
munities Council Directive (2003/65/EC), Spanish legislation (Real 
Decreto 1201/2005) and approved by the Ethics Committee of the 
University of Navarra (012− 16). In addition, every effort was made to 
minimize the number of animals used and any possible suffering. 

2.2. Body composition assessment 

Body composition assessment was made using quantitative magnetic 
resonance (QMR). Scans were performed by placing animals into a 
transparent plastic cylinder (1.5 mm thick, 4.7 cm diameter), with a 
smaller plastic cylinder inserted into the big one to limit mouse move-
ment. While in the tube, animals were briefly subjected to a low- 
intensity (0.05 Tesla) electromagnetic field to measure fat and lean 
mass. 

2.3. Glucose- and insulin-tolerance tests 

Glucose tolerance test (GTT) was performed after mice underwent a 
fasting period of 6 h. Glucose concentrations in blood were measured 
after the fasting period (0 min), then each mouse received an intraper-
itoneal injection of 20% glucose (10 ml per kg body weight) and glucose 
concentrations in blood were measured after 15, 30, 60 and 120 min 

Insulin tolerance test (ITT) was done with mice fed ad libitum. After 
basal glucose concentrations in blood were measured (0 min), each 
mouse received an intraperitoneal injection of insulin (0.75 UI per kg 
body weight; Actrapid; Novo Nordisk) and glucose concentrations in 
blood were measured after 15, 30 and 60 min 

2.4. Behavioral test 

Behavioral experiments were conducted between 09:00 h and 13:00 
h. To perform these tests animals were randomized. 

2.4.1. Open field 
Locomotor activity was measured for 30 min in an open field (65 ×

65 cm2, 45 cm height) made of black wood, using a video-tracking 
system (Ethovision 3.0, Noldus Information Technology B.V., The 
Netherlands), in a softly illuminated room. Total path length (cm) was 
analyzed. 

2.4.2. Novel object recognition test (NORT) 
The open field consisted of a square divided into four sections (65 cm 

× 65 cm × 45 cm each) with black walls. On the previous day to the 
experiment, animals were familiarized with the square for 30 min. The 
test consists of 3 trials of 5 min: sample phase, 1 h trial and 24 h trial. 
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During the first trial, two identical objects were placed inside the 
cubicle, and the mice were allowed to explore. An hour later the second 
trial took place, in which one object was replaced by another, and 
exploration was scored for 5 min. Twenty-four hours later the third task 
took place where once again one object was changed and the exploration 
time was recorded for 5 min. Results were expressed as percentage of 
time spent exploring the new object with respect to the total exploration 
time (discrimination index). It is important to highlight that the explo-
ration was considered complete when the nose of the mouse was ori-
ented within 2 cm of the object. 

2.4.3. Morris water maze 
The Morris water maze (MWM) was used to test spatial memory and 

to evaluate the working and reference memory functions in SAMP8 
mice. 

The water maze was a circular pool (diameter of 145 cm) filled with 
water (21–22 ◦C) and virtually divided into four equal quadrants iden-
tified as northeast, northwest, southeast, and southwest. 

To test learning capacity, hidden-platform training was conducted 
with the platform placed in the northeast quadrant 1 cm below the water 
surface over 8 consecutive days (4 trials/day). Several large visual cues 
were placed in the room to guide the mice to the hidden platform. Each 
trial was finished when the mouse reached the platform (escape latency) 
or after 60 s, whichever came first. Mice failing to reach the platform 
were guided onto it. After each trial mice remained on the platform for 
15 s. To test memory, probe trials were performed at the 4th, 7th and last 
day of the test (9th day). In the probe trials the platform was removed 
from the pool and mice were allowed to swim for 60 s. The percentage of 
time spent in the target quadrant was recorded. All trials were moni-
tored by a video camera set above the center of the pool and connected 
to a video tracking system (Ethovision 3.0; Noldus Information Tech-
nology B.V, Wageningen, Netherlands). 

2.5. Tissue and blood collection 

Mice were killed by decapitation after overnight fasting between 
09:00–12:00 h. Brains were removed and dissected on ice to obtain the 
hippocampus and frontal cortex and stored at − 80 ◦C. 

For immunohistochemistry assays, left hemispheres from 5 mice per 
group were fixed by immersion in 4% paraformaldehyde in 0.1 M PBS 
(pH 7.4) for 24 h followed by 20% sucrose solution. Brains were cut into 
series of 40 µm slides. 

Blood was collected, centrifuged at 1250 g (15 min, 4ºC), and serum 
was frozen at − 80ºC. 

2.6. Plasma insulin and glucose levels 

Insulin and glucose were measured in plasma samples using the 
Sensitive Insulin enzyme immunoassay kit (EZRMI-13 K, Millipore, 
Billerica, MA) and Glucose GOD-PAP enzyme immunoassay kit (Roche 
Diagnostics, Spain) respectively, following the manufacturer’s 
instructions. 

Insulin sensitivity was analyzed by assessing the homeostatic model 
assessment (HOMA) index. HOMA index is expressed as insulin (μU/ml) 
× glucose (mg/dL) / 405. 

2.7. Western blotting 

Assays were performed in hippocampal tissue as described previ-
ously (Solas et al., 2010). Samples (50 μg of protein) were separated by 
electrophoresis on a sodium dodecyl sulfate-polyacrylamide gel (7.5%). 
Membranes were probed overnight at 4 ◦C with the corresponding pri-
mary antibodies (Table 1). Secondary antibodies conjugated to IRDye 
800CW or IRDye 680CW (LI-COR Biosciences, Lincoln, NE, USA) were 
diluted to 1/15,000 in TBS with 5% BSA. Bands were visualized using 
Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, 

USA). β-actin was used as internal control. Results were calculated as the 
percentage of optical density values of the SAMR1 mice. 

2.8. Immunofluorescence staining 

Serial coronal brain slices (thickness: 40 µm) were cut with a freezing 
microtome from the frontal cortex till the end of the hippocampus, and 
were stored in a cryoprotectant solution. Floating tissue sections 
comprising the hippocampus were processed for 
immunohistochemistry. 

Free-floating brain sections were washed (3 × 10 min) with PBS 0.1 
M (pH 7.4) and incubated in blocking solution (PBS containing 0.3% 
Triton X-100, 0.1% BSA and 2% normal donkey serum) for 2 h at room 
temperature. Primary and secondary antibodies were diluted in the 
blocking solution. Sections were incubated with the primary antibody 
overnight at 4 ◦C, washed with PBS and incubated with the secondary 
antibody for 2 h at room temperature, protected from light. The primary 
antibodies used were anti-GFAP (1:250, Cell Signalling Technology, 
Beverly, MA, USA), anti-fibrin (1: 1000, Dako, Santa Clara, CA, USA), 
anti-ZO-1 (1: 200, Invitrogen–Molecular Probes, Eugene, OR, USA) and 
anti-Occludin (1: 200, Invitrogen–Molecular Probes, Eugene, OR, USA). 
Secondary antibodies used was Alexa Fluor 546 goat anti-mouse (1:200, 
Invitrogen–Molecular Probes, Eugene, OR, USA) and alexa Fluor 546 
goat anti-rabbit (1: 400, Invitrogen–Molecular Probes, Eugene, OR, 
USA). To visualize brain microvessels, fluorescein-conjugated Lyco-
persicon esculentum lectin (1: 200, Vector Laboratories, Burlingame, CA, 
USA) was used and incubated together with the secondary antibody. For 
better visualization of nuclei, sections were rinsed 10 min in the DNA 
marker TOPRO-3 (Invitrogen–Molecular Probes, Eugene, OR, USA) 
working concentration 4 μM in PBS, and then washed 2 min in PBS 
before mounting. To ensure comparable immunostaining, sections were 
processed together under identical conditions. Fluorescence signals 
were detected with confocal microscope LSM 510 Meta (Carl Zeiss, 

Table 1 
Primary antibodies used for western blot experiments.  

Protein Primary 
antibody 
(dilution) 

Molecular 
weight 

Company 

pIR (Y1361) (1:1000) 90 kDa Abcam, Cambridge, MA, 
USA 

Total IR (1:1000) 90 kDa Cell Signaling Technology, 
MA, USA 

pIRS1 (Ser636/ 
639) 

(1:1000) 180 kDa Cell Signaling Technology, 
MA, USA 

Total IRS1 (1:1000) 180 kDa Cell Signaling Technology, 
MA, USA 

pAkt (Ser473) (1:1000) 60 kDa Cell Signaling Technology, 
MA, USA 

Total Akt (1:1000) 60 kDa Cell Signaling Technology, 
MA, USA 

pGSK3β (Ser9) (1:1000) 46 kDa Cell Signaling Technology, 
MA, USA 

Total GSK3β (1:1000) 46 kDa Cell Signaling Technology, 
MA, USA 

pERK 1/2 
(Thr202/ 
Tyr204) 

(1:1000) 42/44 kDa Cell Signaling Technology, 
MA, USA 

Total ERK 1/2 (1:2000) 42/44 kDa Cell Signaling Technology, 
MA, USA 

pJNK (Thr183/ 
Tyr185) 

(1:500) 46/54 kDa Cell Signaling Technology, 
MA, USA 

Total JNK (1:500) 46/54 kDa Cell Signaling Technology, 
MA, USA 

GFAP (1:1000) 50 KDa Cell Signaling Technology, 
MA, USA 

Occludin (1:1000) 59 KDa Invitrogen–Molecular 
Probes, OR, USA 

Zonulin (ZO-1) (1:1000) 260 KDa Invitrogen–Molecular 
Probes, OR, USA  
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Oberkochen, Germany). 
Images were randomly taken from three non-adjacent tissue sections 

per specimen (n = 4) and analyzed using NIH-developed ImageJ. To 
quantify capillary leakage, the levels of extravascular fibrin and IgG 
were measured as previously described (Bell et al., 2010, 2012; Winkler 
et al., 2012). Briefly, the ImageJ Area tool was used to measure the total 
area of fibrin- and IgG-positive signal and, when it colocalized with the 
lectin-positive signal, it was subtracted from the total area of leakage. 
Using this method, a value representing extravascular levels of each 
plasma-derived protein is obtained. All images were analyzed by a 
blinded investigator. 

2.9. Real time quantitative PCR assay 

Total RNA was obtained from white adipose tissue and brain frontal 
cortex, by homogenizing in TRIzol (Thermo Scientific, Rockford, IL, 
USA) and following standard methods. RNA quantity and quality were 
evaluated by a Nanodrop ND-1000 spectrophotometer (Thermo Scien-
tific, Rockford, IL, USA). Then, 1 μg of the total RNA of each sample was 
reverse-transcribed into cDNA using SuperScript III cDNA Synthesis Kit 
(Thermo Scientific, Rockford, IL, USA). Real-time PCRs were performed 
using the TaqMan™ Universal Master Mix (Thermo Fisher scientific, 
MA, USA) in an CFX384 Touch real-time PCR Detection System (Bio- 
Rad, Hercules, CA, USA). As housekeeping gene, Glyceraldehyde 3- 
phosphate dehydrogenase (GAPDH) was chosen. The specific primers 
used for cDNA amplification were interleukin 6 (Il-6) 
(Mm00446190_m1) and tumor necrosis factor-alpha (Tnfα) 
(Mm00443258_m1). Samples were analyzed by a double delta CT 
(ΔΔCT) method. Relative transcription levels (2 − ΔΔCt) were expressed 
as a mean ± standard error of the mean. 

2.10. Fecal sample collection, bioinformatics and metagenomic data 

Fecal samples were collected from 6-month old SAMR1 and SAMP8 
animals (n = 4 per group) using OMNIgene.GUT kits from DNA Genotek 
(Ottawa, ON, Canada), that is able to stabilize gut microbiome compo-
sition and can be kept at room temperature. CIMA LAB Diagnostics 
(University of Navarra, Pamplona, Spain) was responsible of bacterial 
DNA sequencing. In order to characterize the phylogeny and taxonomy 
of the microbial samples the bacterial 16 S RNA gene was sequenced. 
This gene has approximately 1500 base pairs and contains 9 variable 
regions in between the conserved regions. For the 16 S RNA gene 
analysis, the V3 and V4 hypervariable regions of the gene were ampli-
fied followed by the sequencing, which allowed the assignation up to the 
species level. 

The analyses were conducted using the Illumina MiSeq equipment, 
following this protocol: the V3 and V4 regions of the 16 S gene are 
amplified in two PCR reactions that are carried out in a thermocycler, 
creating an amplicon of approximately 460 base pairs. This requires the 
use of the 16S-F and 16S-R specific primers (16 S Forward Primer 
=5 0 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGG 
CWGCAG; 16 S Reverse Primer = 5 0 GTCTCGTGGGCTCGGA-
GATGTGTATAAGAGACAGGACTACHVGGGTATCT AATCC). The pro-
tocol for the first PCR reaction was the following: 95 ◦C for 3 min, and 25 
cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 s, and finally, 72 ◦C 
for 5 min, to later keep refrigerated at 4 ◦C. After the cleansing process, 
5 μL were extracted from the first PCR reaction sample to use for the 
second PCR reaction. For the second PCR reaction the employed pro-
tocol was 95 ◦C for 3 min, and 8 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, 
72 ◦C for 30 s, and finally, 72 ◦C for 5 min, to later keep refrigerated at 
4 ◦C. After each PCR reaction, a cleansing process was carried out to 
clear the sample from primers. Then, in order to sequence and quantify 
the samples, they were loaded into the MiSeq equipment. 

A code-based approach (barcoding) was used for the complete 
analysis of the gut microbiome using the OTUs grouping methods. OTU 
is defined as organisms grouped by similarities in their DNA sequence, 

with a sequence similarity threshold of at least 75–80%. The taxonomy 
was assigned using BLAST and HITdb, and the sequences were filtered 
following the OTU LotuS quality criteria (version 1.58). The abundance 
matrices were filtered and then normalized at each level of classifica-
tion: OTU, species, genus, family, order, class, and phylum. 

In order to perform the comparative analyses to evaluate the dif-
ferences between gut microbiota composition the MicrobiomeAnalyst 
tool (https://www.microbiomeanalyst.ca/) was used. For these ana-
lyses, the raw count of microorganisms was used. The DESeq2 (RNA-seq 
methods) analysis was used for finding significant differences in abun-
dance of species and genera, using the trimmed mean of M-values 
(TMM) normalization and assigning the SILVA taxonomy labels. DESeq2 
is a robust method that shows low false positive rates and according to 
recent guidelines, it has the highest power to compare groups, especially 
for less than 20 samples per group (Weiss et al., 2015). 

2.11. TMAO measurement by UPLC-MS/MS 

Serum TMAO levels were quantified using ultra performance liquid 
chromatography-tandem mass spectrometry (UPLC-MS / MS) with iso-
topic marking, using deuterated TMAO standard as described previously 
(Zhao, Zeisel, and Zhang 2015). Briefly, 20 μL of serum were added to a 
1.5 ml Axygen tube containing 80 μL of internal standard mixture of 0.5 
μM d9-TMAO in acetonitrile/methanol/formic acid (75/25/0.2 v/v). 
Once mixed, the sample was vortexed for 30 s to precipitate proteins 
following a centrifugation at 12,000 rpm at 4 ◦C for 15 min to recover 
the supernatant. To elaborate the standard curve, nine samples of known 
concentrations of TMAO ranging from 0.15 μM to 60 μM were processed 
using the same procedure reaching a coefficient of determination (R2) 
above 0.999. Finally, 85 μL of the supernatant were diluted with 20 μL of 
MilliQ water and once mixed, it was analyzed by injection onto a pre- 
column (X-Bridge BEH Amide 2,5 µm, VanGuard Precolumn 2,1 x 5 
mm, Waters) following a column (X-Bridge BEH Amide 2,5 µm 2,1 x 50 
mm, Waters) at a flow rate of 0.4 ml/min using UPLC-MS/MS (Waters). 

A discontinuous gradient was generated to resolve analytes using 
phase A (Amonium Acetate 10mmM in MilliQ Water) and phase B 
(Amonium Acetate 10mmM in acetonitrile/MilliQ water 90/10 v/v) as 
follows:  

Time (min) Phase A Phase B  

0.0  0%  100%  
2.0  50%  50%  
3.0  50%  50%  
4.0  100%  0%  
4.5  100%  0%  
5.0  0%  100%  
8.0  0%  100%  

Analytes were monitored using electrospray ionization (ESI) in 
positive-ion mode [M-H]+ with multiple reaction monitoring (MRM) of 
precursors and characteristic production transitions of TMAO at m/z 
76→58, d9-TMAO at m/z 85→66, respectively. 

For the measurement of TMAO in brain tissue samples approximately 
40 mg of parietal cortex were added to a 1.5 ml Axygen tube containing 
120 μL of internal standard mixture of 0.5 μM d9-TMAO in MilliQ water. 
Samples were sonicated in ice with short pulses to homogenize. Super-
natant was recovered and 50 μL were mixed with 100 μL of acetonitrile 
with 1% formic acid. After briefly mixing, the mixture was vortexed for 
30 s to precipitate proteins following a centrifugation at 12,000 rpm at 
4 ◦C for 15 min to recover the supernatant. Finally, the supernatant was 
filtrated using OSTRO plates to get rid of phospholipids and proteins and 
injected in the column as previously described. To elaborate the stan-
dard curve, nine samples of known concentrations of TMAO ranging 
from 0.04 μM to 4 μM were processed using the same procedure reaching 
a coefficient of determination (R2) above 0.999. 
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2.12. Statistical analysis 

Results, reported as means ± SEM. Normality was checked by Sha-
piro–Wilk’s test (p < 0.05). Statistical analysis of MWM acquisition, as 
well as, ITT and GTT tests was performed by repeated measures ANOVA. 
Rest of the data were analyzed by two-way ANOVA tests followed by 
Tukey’s using GraphPad Prism, version 6. p < 0.05 was considered to 
indicate statistical significance. 

3. Results 

3.1. Altered insulin sensitivity and glucose homeostasis in SAMP8 mice 

Peripheral insulin sensitivity and glucose homeostasis were assessed 
by ITT and GTT tests. SAMP8 mice showed enhanced insulin resistance 
(repeated measures ANOVA, main effect of strain, F5,15 =5.536; p <
0.01) (Fig. 1 A and B) and glucose intolerance (repeated measures 
ANOVA, main effect of strain, F5,20 = 2.263; P < 0.05) when compared 
to SAMR1 mice (Fig. 1 C and D). Moreover, blood glucose levels 
increased with age in both strains (two-way ANOVA, main effect of age, 
F2,58 =26.21; p < 0.0001) but in all time points SAMP8 mice showed 
elevated glucose concentrations (two-way ANOVA, main effect of age, 
F1,58 =6.319; p < 0.01) compared to SAMR1 mice (Fig. 1E). Surpris-
ingly, concerning insulin and HOMA index only a main effect of age was 
observed (Two-way ANOVA, F2,58 =26.21; p < 0.0001 and Two-way 
ANOVA, F2,52 =0.1630; p < 0.001, respectively), but although a 
strong tendency can be observed (especially in the HOMA index), no 
effect of strain was found, probably due to the high variability of the 
data (Fig. 1 F and G). 

The observed peripheral metabolism alteration was not due to an 
increase in SAMP8 mice size or body weight. Indeed, SAMP8 body 
weight was found to be significantly lower when compared to same age 
SAMR1 littermates (two-way ANOVA, main effect of strain, F1,61 
=152.4; p < 0.0001) (Suppl. Fig. 1 A). In order to discover if differences 
in body weight are due to alterations in body composition, fat and lean 
mass content were measured in mice. No significant differences were 
observed between groups in lean (two-way ANOVA, F2,61 =2.174; 
p = 0.1225) neither in fat mass (two-way ANOVA, F2,61 =2.837; 
p = 0.0763) (Suppl. Fig. 1B). 

In order to study the possible involvement of insulin alterations in 
the brain, expression of several components of the insulin signaling were 
analyzed. Only 10 months SAMP8 mice group showed significant 
changes in pIRS (two-way ANOVA, interaction, F2,42 =4.694; p < 0.05 
followed by Tukey’s p < 0.05 vs rest of the groups) (Suppl. Fig. 2B) and 
pAkt levels (two-way ANOVA, main effect of age, F2,39 = 7502; 
p < 0.001) (Suppl. Fig. 2C). However, no changes were found in the rest 
of the protein studied (pIR, Suppl. Fig. 2A; pGSK3β, Suppl. Fig. 2D; 
pERK, Suppl. Fig. 2E). Consistent with a post-transcriptional regulation 
of these enzymes, total protein levels, normalized using actin, remained 
unaltered (Fig. 2). 

3.2. Aging induces cognitive deficiencies in SAMP8 mice 

As it was expected, age dependent locomotor activity decrease was 
found (two-way ANOVA, main effect of age, F2,58 =15.45; p < 0.0001) 
(Fig. 2A). Interestingly, there were no differences between strains, 
indicating that behavioral performance differences between SAMP8 and 
SAMR1 are not due to locomotor activity alterations. 

As shown in Fig. 2B, a main effect of the strain was found (two way 
ANOVA, main effect of strain, F5163 =2.635; p < 0.05). Further analysis 
showed that SAMP8 10 month mice displayed cognitive deficits in the 
NORT, as shown by a significantly decreased discrimination index in the 
1 and 24 h task (Tukey’s p < 0.05 vs rest of the groups). Cognitive 
impairment was also observed in 6-month old SAMP8 mice in the 24 h 
NORT task (Tukey’s p < 0.05). 

In the acquisition phase of Morris water maze, time swam to reach 

the platform improved significantly over trials in SAMR1 group 
(repeated measures ANOVA, F2,14 =5.596; p < 0.05) but not in SAMP8 
group (repeated measures ANOVA, p > 0.05). Indeed, significant effect 
of strain was found (repeated measures ANOVA, main effect of strain, 
F5,35 =52.40; p < 0.0001) as SAMP8 mice in all ages showed higher 
scape latency compared to SAMR1 mice indicating a cognitive impair-
ment (Fig. 2C). In the retention phase, 6 and 10 months SAMP8 mice 
showed a statistically significant decrease in time swam in the quadrant 
were the platform used to be located, indicative of a memory deficit 
(Tukey’s p < 0.05 in all cases) (Fig. 2D). 

3.3. BBB integrity is disrupted in SAMP8 mice 

BBB integrity was evaluated by immunofluorescence staining of 
fibrin and IgG in the left hemispheres of SAMR1 and SAMP8 groups. 
Fibrin (two way ANOVA, main effect of strain, F1,18 =5.730; p < 0.05) 
(Fig. 3) and IgG (two way ANOVA, main effect of strain, F1,12 =4.641; 
p < 0.05) (Suppl. Fig. 3) extravasation was increased in SAMP8 6 and 10 
months aging groups compared to SAMR1 mice. 

Moreover, protein levels of two of the main components of the tight 
junctions (occludin and ZO-1) appeared to be significantly decreased in 
SAMP8 mice compared to SAMR1 mice (for occludin, two way ANOVA, 
main effect of strain, F1,30 =11.31; p < 0.01; for ZO-1, two way ANOVA, 
main effect of strain, F1,30 =20.46; p < 0.0001) (Fig. 4). 

3.4. SAMP8 mice show peripheral and central inflammation 

Our data showed an increase in inflammatory cytokines (Tnf-α and 
Il6) not only in the periphery (white adipose tissue) (for Tnf-α, two way 
ANOVA, main effect of strain, F1,18 =6.534; p < 0.05; for IL6, two way 
ANOVA, main effect of strain, F1,18 =6.639; p < 0.05) (Fig. 5A and B) 
but also in the central nervous system (Fig. 5C and D) of SAMP8 mice 
(for Tnf-α, two way ANOVA, main effect of strain, F1,18 =4.570; p < 0.05 
and main effect of age, F1,18 =4.708; p < 0.05; for IL6, two way ANOVA, 
main effect of strain, F1,18 =8.367; p < 0.01). Neuroinflammation was 
further confirmed by pJNK and GFAP (an astrocyte activation marker) 
protein levels. As depicted in Suppl. Fig. 4A, a significant increase in 
pJNK levels in SAMP8 mice in all ages were observed (two-way ANOVA, 
main effect of strain, F1,42 = 27.82; p < 0.0001). In addition, an age and 
strain dependent significant increase in GFAP levels were observed in 
SAMP8 mice compared to SAMR1 group (two-way ANOVA, main effect 
of age, F2,41 =14.05; p < 0.0001; two-way ANOVA, main effect of strain, 
F1,41 =6.327; p < 0.05) (Suppl. Fig. 4B). The increase in GFAP was also 
observed by immunohistochemistry analysis (Suppl. Fig. 4C). 

3.5. Aging induces gut microbiota dysbiosis 

α-diversity is a measure of microbiome diversity within a community 
and is mainly concerned with the number of different bacteria or species 
therein. Shannon and Simpson are indices commonly used to evaluate 
α-diversity of microbiota. Shannon (p = 0.012904, Suppl. Fig. 5A) and 
Simpson (p = 0.041409, Suppl. Fig. 5B) indices were significantly lower 
in fecal samples from SAMP8 mice, thus indicating less diversity of 
bacteria. On the other hand, β-diversity is an estimate of similarity or 
dissimilarity between populations. PCoa-Jensen Shannon Divergence 
analysis revealed that dots from SAMR1 mice were not close to those of 
SAMP8 (R=0.333, p < 0.05), suggesting that SAMP8 have a different 
microbiome composition than SAMR1 (Suppl. Fig. 5C). Specifically, 
SAMP8 mice showed a significant increase in Bacteroidetes phylum 
(Fig. 6A) that was probably due to an increase in Prevotella genus 
(Fig. 6B). Moreover, a profound decrease in Proteobacteria phylum was 
found (Fig. 6C), with a marked decrease in Deltaproteobacteria class 
(Fig. 6D). Although no changes were observed in the Firmicutes phylum 
(Fig. 6E), it is worth mentioning a marked decrease in Dorea genus 
(Fig. 6F). Finally, although the Actinobacteria phylum appeared un-
changed in SAMP8 mice (Fig. 6G), Actinobacteria class showed a 
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Fig. 1. Effect of aging on peripheral insulin sensitivity and glucose homeostasis. The following metabolic parameters were analyzed in all six groups. A) Insulin 
tolerance test (ITT). B) ITT expressed as area under curve (AUC). C) Glucose tolerance tests (GTT). D) GTT expressed as area under curve. E) Blood glucose levels, F) 
blood insulin levels G) homeostatic model assessment indices of insulin resistance (HOMA). Data are presented as mean ± SEM. *Main effect of strain, two way 
ANOVA; Δ Main effect of age, two way ANOVA. 
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significant increase (Fig. 6H). 

3.6. Aging increases peripheral and central TMAO levels 

As depicted in Fig. 7A, aging induces a significant increase in plasma 
TMAO levels of SAMP8 mice (two way ANOVA, F2,30 =9.878; p < 0.001 
followed by Tukey’s p < 0.05 SAMP8 vs age matched SAMR1). Inter-
estingly, elevated levels of TMAO are also observed with aging in the 
brain (two way ANOVA, main effect of age F2,31 =62.43; p < 0.0001) 
(Fig. 7B). 

3.7. DMB treatment restores metabolic and cognitive alterations in 
SAMP8 mice 

Treatment with DMB, choline TMA lyase enzyme inhibitor that de-
creases TMAO plasma levels, showed clear improvement of peripheral 
metabolism, as mice treated with DMB showed reduced adiposity (two 
way ANOVA, main effect of treatment F1,38 =6.449; p < 0.05) (Fig. 8 A), 
improved glucose tolerance (repeated measures ANOVA, F12,124 =

2.567; p < 0.01) (Fig. 8B), lower fasting plasma glucose (two way 
ANOVA, main effect of treatment F1,26 =12.99; p < 0.01) (Fig. 8 C) and 
insulin levels (two way ANOVA, main effect of treatment F1,18 =7.444; 
p < 0.01) (Fig. 8D), that leads to a decreased HOMA index (two way 
ANOVA, main effect of treatment F1,18 =37.13; p < 0.0001) (Fig. 8E). In 
parallel, DMB treated SAMP8 mice showed a strong tendency toward a 
cognitive improvement in the NORT test (two way ANOVA, main effect 
of treatment F1,37 =2.842; p = 0.10) (Fig. 8 F) and a significantly 
improved performance in the acquisition Morris water maze test 
(repeated measures ANOVA, F3,29 = 24.80; p < 0.0001) (Fig. 8 G) as 
well as in the second probe trial (two way ANOVA, F1,23 =6.644; 
p < 0.05, followed by Tukey, p < 0.05 SAMP8 vehicle vs SAMR1 
vehicle) (Fig. 8H). This cognitive enhancement was accompanied by a 
decrease in brain neuroinflammatory markers, i.e., lower Tnf-α (two 
way ANOVA followed by Tukey’s p < 0.05 SAMP8 vs SAMP8 DMB) 
(Fig. 8I), p-JNK (two way ANOVA, main effect of treatment F1,24 
=6.462; p < 0.05) (Fig. 8 J) and GFAP levels (two way ANOVA followed 
by Tukey’s p < 0.05 SAMP8 vs SAMR1 vehicle) (Fig. 8 K). 

4. Discussion 

The improvement in life expectancy is inevitably accompanied by a 
subsequent escalation in the prevalence of age-related diseases. Among 
them, insulin resistance and neurodegenerative diseases such as AD are 
considered part of the main threats to health in old age (Ballard et al., 
2011; Mokdad et al., 2003). 

Classically, insulin resistance and neurodegeneration have been 
considered unrelated pathological entities, either as a metabolic disor-
der that mainly affects glucose homeostasis in peripheral organs such as 
the skeletal muscle, liver and fat, or as a degenerative disease of the 
central nervous system (CNS), respectively. However, recent studies 
have raised the possibility that these diseases may have similar molec-
ular roots. Indeed, recently, both diseases have been associated with 
impaired action of insulin in the CNS. This notion is supported by 
epidemiological studies that have found a link between insulin resis-
tance and AD (Vanhanen et al., 1998; Gregg et al., 2000; Yaffe et al., 
2004; Kanaya et al., 2004; Grodstein et al., 2001). However, other 
studies have not been able to reveal this relationship (Peila et al., 2004, 
2005). Post-mortem analyzes of the brains of AD patients have shown 
that insulin receptors are downregulated (Frolich et al., 1998), as 
observed during aging (Fernandes et al., 2001; De Felice, 2013). This led 
to the hypothesis that neuronal insulin resistance may contribute to the 
etiology of AD. Therefore, it is believed that the close correlation be-
tween metabolic disturbances (such as diabetes mellitus) and cognitive 
deficits is mainly due to the establishment of insulin resistance and the 
associated changes in the pleiotropic effects of insulin on central phys-
iological functions. Therefore, the aim of the present project was to 
investigate the missing link between aging, insulin resistance and de-
mentia in a mouse model of accelerated senescence (SAMP8) compared 
to a mouse model of normal aging (SAMR1 mice), in an age fashion (2, 6 
and 10 months). 

Aging is associated with marked alterations in insulin secretion, 
which commonly leads to hyperinsulinemia (Fernandes et al., 2001). In 
our hands, marked insulin impairment and glucose intolerance was 
found in SAMP8 mice group. The critical involvement of abnormal in-
sulin signaling in the etiology of metabolic diseases has been 

Fig. 2. Effect of aging on cognitive performance. In panel A) locomotor activity. In panel B) cognitive performance in novel object recognition test (NORT). Data 
shows discrimination index (time exploring the new object / total exploration time × 100) in the novel object recognition test. In panel C) and D) cognitive per-
formance assessed by Morris water maze (MWM) acquisition phase and retention phase respectively. Data are presented as mean ± SEM. *Tukey’s multiple com-
parison test, p < 0.05. 
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Fig. 3. Effect of aging on BBB integrity. Representative confocal microscopy analysis of A) fibrin (red) and lectin-positive capillaries (green) on cortical brain sections 
and B) amplification of selected areas. In panel C) quantification of the extravascular fibrin. *Main effect of strain, two way ANOVA, p < 0.05. Scale bar, 100 µm. 
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Fig. 4. Effect of aging on BBB tight junctions. Representative confocal microscopy analysis of A) occludin (red) and B) ZO-1 (red) and lectin-positive capillaries 
(green) on cortical brain sections. In panel C) Occludin and D) ZO-1 representative immunoblots from mice brain tissue and their quantification. * Main effect of 
strain, two way ANOVA, p < 0.05. Scale bar, 100 µm. 
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emphasized by the onset of mild obesity and altered glucose metabolism 
in neuronal insulin receptor knock out (NIRKO) mice (Bruning et al., 
2000). Although the exact molecular mechanisms driving the onset of 
insulin resistance are not yet fully understood, it is evident that two of 
the main risk factors for development of insulin resistance are over-
weight/obesity and aging. Therefore, next step was to analyze if SAMP 8 
mice showed body weight changes and fat accumulation that could lead 
to peripheral insulin resistance. Body weight was increased equally over 
time in both strains studied in the present work but it was always lower 
in SAMP8 mice compared to SAMR1 due to their smaller size. Surpris-
ingly, as aging induces fat content accumulation a higher fat mass was 
expected in SAMP8 mice; however, no differences in body composition 
were found between groups or ages. Therefore, the observed insulin 
resistance is not related to a higher adiposity, which suggests that an 
alteration in the central nervous system driven insulin signaling regu-
lation could be responsible of this defect. 

Brain insulin signaling has been related with a wide range of phys-
iological and cellular effects, including its neuroprotective function and 
the regulation of learning and memory (Fernandez and Torres-Aleman, 
2012). Based on this idea and previous studies showing brain insulin 
alterations in SAMP8 mice (Rhea et al., 2017, 2019; Farr et al., 2019), 
we next studied if changes in insulin signaling in SAMP8 mice observed 
in the periphery were also occurring in the CNS and could be responsible 
of the cognitive deficits. Previous studies have shown that insulin 
sensitivity in the CNS is regulated in an age dependent manner. As we 
age, many of the steps that control insulin action change, from alter-
ations in the level of insulin itself to its intracellular signaling pathways. 
In fact, in addition to the gradual generalized loss of basic physiological 
functions with age, the decrease in insulin action appears to be an 
inevitable consequence of aging (Kushner, 2013). The expression of 
insulin receptors in the brain is also subjected to an age-dependent 
decline (Zhao et al., 2004). Notably, the level of insulin receptor 

mRNA in the hypothalamus, cortex, and hippocampus of old rats is 
drastically reduced (Zhao et al., 2004). The implication of insulin 
signaling in the cognitive deficiencies observed in SAMP8 has been 
extensively studied (for review see Rhea and Banks, 2017). Those 
studies describe the profound changes that occur in the brain of aged 
SAMP8 mice and hypothesize that maintaining CNS insulin signaling 
could improve not only cognition but also lifespan (Banks et al., 2000; 
Lin et al., 2013; Kuang et al., 2014; Adler et al., 2014; Armbrecht et al., 
2015; Zhou et al., 2015; Tong et al., 2015; Yan et al., 2015; Chen et al., 
2015). In this line, our data only showed a significant decrease in pIRS1 
and pAkt levels in 10 months SAMP8 mice suggesting that peripheral 
insulin resistance observed in SAMP8 mice seems to be transferred also 
to the CNS at late stages of senescence. 

Interestingly, in parallel with the observed peripheral and central 
insulin resistance, SAMP8 mice showed a marked age dependent 
cognitive decline, at least in the Morris water maze, a hippocampal- 
dependent task. The results found on the NORT, where only 10 
months old SAMP8 mice exhibited cognitive impairment in the 1 h task 
together with the fact that the hippocampus is only minimally involved 
in memory for objects (Brown and Aggleton, 2001), would support the 
notion that memory deficits in aging firstly has its anatomical substrate 
on the hippocampus and only when elderly is reached cortex starts being 
affected. Cognitive deficiencies in NORT are also more in line with 
central insulin resistance, that does not appear until very advanced ages 
(as demonstrated by the decrease in pIRS1 and pAkt levels in 10 months 
SAMP8). However, NORT results are in contrast with previously pub-
lished studies that have shown significant differences at early age (del 
valle et al., 2012; Griñán-Ferré et al., 2018). The discrepancies could be 
due to methodological differences or even a possible genetic drift 
responsible for our animal model being slightly different from those 
coming from other laboratories. It is also worth mentioning that even 
though 6 and 10 months mice seem to have a decreased activity in the 

Fig. 5. Effect of aging on pro-inflammatory cytokine release. Peripheral (white adipose tissue) A) Tnf-α and B) Il6 gene expression. Brain C) Tnf-α and D) Il6 gene 
expression. *Main effect of strain, two way ANOVA; Δ Main effect of age, two way ANOVA. 
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open field test, other measurements of locomotor activity, such as swim 
speed in the Morris water maze or total exploration time in the first 
exposure to objects in the NORT, did not differ among groups. Although 
evidences of insulin resistance were also observed in SAMR1 mice, this 
strain did not show cognitive impairment, indicating that peripheral 
insulin resistance can contribute but is not enough to induce cognitive 
deficiencies, suggesting that another concomitant factor, such as the 
central insulin resistance that occurs in SAMP8 aged mice, is also 
necessary. 

In an attempt to find other missing mechanisms underlying the age 
related cognitive deficiency observed in SAMP8 mice in the present 
study, we investigated other mechanisms that could be related to insulin 
signaling and could be the cause of a cognitive alteration. Mounting 

evidence has shown that the existing association between insulin 
signaling and the low-grade inflammatory tone observed in obesity may 
be one of the leading processes toward the onset of neuronal insulin 
resistance (Vogt and Bruning, 2013; Thaler et al., 2013; Velloso and 
Schwartz, 2011; Konner and Bruning, 2011). Inflammation has been 
associated mainly with the release of cytokines, particularly TNF-α and 
IL6. TNF-α activates inflammatory kinases such as JNK (De Souza et al., 
2005; Posey et al., 2009; Zhang et al., 2008). In addition to the detri-
mental effect of low-grade inflammation per se on cellular physiology, 
activation of inflammatory cascades blunt insulin receptor signaling 
directly, notably by interfering with the phosphorylation events down-
stream of insulin receptor activation (Vogt and Bruning, 2013). Specif-
ically, activation of JNK leads to inhibition of IRS phosphorylation, and 

Fig. 6. Effect of aging on gut dysbiosis. Bacterial phylum, class and genera that are significantly changed (edgeR p value < 0.05 and FDR < 0.05) between 6 month- 
old SAMR1 and SAMP8 mice. Data were log-transformed counts of bacterial 16S rRNA gene copies. 

Fig. 7. Effect of aging on TMAO levels. In panel A) TMAO plasma levels and B) TMAO levels in mouse brain samples.  
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therefore to desensitization of insulin action (Vogt and Bruning, 2013; 
Aguirre et al., 2000). Interestingly, these aforementioned inflammatory 
pathways are also enhanced during normal aging (Zhang et al., 2013; 
Lee et al., 2000). In our hands, a marked peripheral inflammatory state 
(i.e. significantly higher adipose tissue Tnf-α and Il6 levels) is observed 
in SAMP8 mice. The peripheral inflammation is accompanied by a 
strong neuroinflammation as SAMP8 mice exhibited significant in-
creases of brain Tnf-α and Il6 levels together with an elevated pJNK 
levels as well as GFAP protein and inmmunoreactivity, already at 2 
months of age. These results fits with the peripheral metabolism alter-
ations and the cognitive deficiency observed in SAMP8 mice, suggesting 
that inflammation could be underlying both pathologies. Noteworthy, 
BBB integrity can be disrupted by neuroinflammation associated with 
many age-related disorders as AD (Cai et al., 2018). Indeed, SAMP8 mice 
showed elevated levels of extravascular brain fibrin and IgG accompa-
nied by lower tight junction proteins expression, indicating an exacer-
bated BBB leaking, as previously described by others (Del Valle et al., 
2009, 2011). Of note, although our results are in line with several 
studies in the literature (Ueno et al., 1996, 1997; Vorbrodt et al., 1995), 
are also in contrast with others that show a lack of BBB disruption in 
SAMP8 mice (Banks et al., 2000). Although changes in BBB permeability 
is a plausible explanation for the presence of cytokines in the brain, 
changes in the transport processes present at the BBB could also elicit 
increases in CNS cytokines. Thus, the aberrant amounts of peripheral 

pro-inflammatory cytokines observed may enter the brain via the dis-
rupted BBB or due to altered transport processes and cause inflammation 
by altering glial activation (Erny et al., 2015; Rothhammer et al., 2016) 
and subsequent brain cytokine release, leading to cognitive deficiencies. 

Aging is a known risk factor for dysbiosis as it can alter gut micro-
biome composition and reduce microbiota diversity (Janeiro et al., 
2021; O’Toole and Jeffery, 2015). Dysbiosis can lead to a major pro-
duction of certain gut metabolites such as TMA, which proceeds from the 
bacterial synthesis from substrates like choline or L-carnitine. It is then 
rapidly absorbed and further oxidized by hepatic enzymes (FMO1 and 
FMO3) to form TMAO (Janeiro et al., 2018). In our hands, a profound 
decrease in Proteobacteria, with a marked increase of Bacteroidetes was 
observed in SAMP8 mice. Bacteroidetes and specifically, Prevotella 
genus that appear to be significantly increased in SAMP8 mice have been 
associated with higher TMAO production. Indeed, literature has shown 
that individuals with an enterotype characterized by enriched pro-
portions of Prevotella have significantly higher plasma TMAO, than in-
dividuals with a Bacteroides enterotype, indicating that enterotypes 
affect the host (Koeth et al., 2013). The higher TMAO levels could be 
also related to the observed decrease in the genus Dorea, as it has been 
previously reported in human samples where proportions of Dorea 
within recipient feces were inversely correlated with both plasma TMAO 
levels and atherosclerosis extent (Gregory et al., 2015). Furthermore, in 
parallel to our data, TMAO has been extensively positively correlated 

Fig. 8. Effect of DMB on SAMP8 mice. In panel A) mice adiposity measurement. B) Glucose tolerance tests (GTT) after treatment with DBM. C) Serum glucose, D) 
serum insulin and E) Homeostatic model assessment indices of IR (HOMA) after treatment with DBM. Cognitive performance assessed by F) novel object recognition 
test (NORT) discrimination index (time exploring the new object / total exploration time × 100) and Morris water maze (MWM) G) acquisition phase and H) 
retention phase. Brain I) Tnf-α gene expression, J) p-JNK protein levels normalize to total JNK levels and K) GFAP protein levels. *Main effect of strain, two way 
ANOVA; Δ Main effect of treatment, two way ANOVA. 
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with the genus Bifidobacterium (phylum Actinobacteria) (O’Connor 
et al., 2014; Janeiro et al., 2018), concluding that the observed increases 
in this class could also lead to higher TMAO production. 

In the last few years, TMAO has been widely associated with 
inflammation, glucose impairments and even neuropathologies (Janeiro 
et al., 2018). According to other studies (Ke et al., 2018), in the present 
study, an age-dependent increase of TMAO levels were observed not 
only in the periphery but also in the CNS, probably directly linked to the 
higher BBB leaking observed in SAMP8 mice. Moreover, an interesting 
negative correlation between serum TMAO levels and cognitive per-
formance (measured by the performance in the 3rd probe test of the 
MWM task) in SAMP8 10 months group (Pearson correlation, 
r = − 0.893, p = 0.017) was found. Therefore, it is tempting to speculate 
that aging-induced dysbiosis can lead to higher TMAO levels inducing a 
systemic inflammatory status that may progress, in the context of a 
disrupted BBB, towards neuroinflammation, producing anomalous glial 
activation higher cytokine release and cognitive deficiencies in last 
instance (Janeiro et al., 2021). 

In this context, a pharmacological treatment with DMB was estab-
lished to reduce TMAO levels and ameliorate the cognitive decline seen 
at 6 months, prior to the huge increase of serum TMAO levels in SAMP8 
mice. DMB is an analog of choline that is able to reduce most but not all 
TMA lyases. It inhibits the transformation of choline, carnitine and 
crotonobetaine into TMA although it is not able to avoid the conversion 
of γ-butyrobetaine (GBB) (Wang et al., 2015). DMB treatment was able 
to reverse peripheral glucose alterations and to decrease HOMA index in 
SAMP8 mice. In parallel, cognitive performance was significantly 
improved and neuroinflammation appeared to be ameliorated. These 
data suggests a central role of TMAO in all the peripheral and cognitive 
alterations observed in the aging mice. 

4.1. Conclusion 

Taken together, we can conclude that aging induced insulin resis-
tance and dysbiosis with the subsequent elevated TMAO levels can lead 
to an inflammatory state that could cause neuroinflammation on the one 
hand, and contribute to cognitive deficiency and AD-like neurodegen-
erative progression on the other. Therefore, pharmacological treatments 
that lead to decreased TMAO levels, such as DMB, could open a new 
avenue for the future treatment of neurodegenerative diseases. 
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Burgos, I, Pallàs, M, 2012. Dendritic spine abnormalities in hippocampal CA1 
pyramidal neurons underlying memory deficits in the SAMP8 mouse model of 
Alzheimer’s disease. J. Alzheimers Dis. 32, 233–240. https://doi.org/10.3233/JAD- 
2012-120718. 

Del Valle, J., Duran-Vilaregut, J., Manich, G., Camins, A., Pallàs, M., Vilaplana, J., 
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