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Abstract

Alzheimer’s disease (AD) is an irreversible and progressive neurodegenerative disorder characterized by a loss of memory, language, and
cognitive ability. It is the most common form of dementia in older adults and represents a major public health problem. Changes in the gut microbiota
have been investigated in the development of AD, with studies on this from the last five years using different models of AD in laboratory animals,
mainly transgenic mice. Despite the fact that the majority of people diagnosed with AD are women, preclinical studies are still being carried out with
male animals. In this review, we analyze the most recent studies on the gut microbiota in AD, recording the methodology used and the presence of
sex bias. From the 35 studies selected, 65% used male animals and only 20% used both sexes.
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Introduction

Alzheimer’s disease (AD) is an irreversible and progressive
neurodegenerative disorder characterized by a loss of memory,
language, and cognitive ability. It is the most common form of
dementia in older adults and is a major public health problem.
AD is a progressive illness that requires adequate interventions
to prevent or reduce disease progression. AD is a complex multi-
factorial disease that appears to be unique to humans. The age
at onset, rate of progression and the development of pathology
are highly variable between patients. AD is characterized by a
pathological accumulation of amyloid $ (AB) in the extracellular
plaques of the brain parenchyma and vasculature as well as by
abnormally phosphorylated tau that accumulates in the neurons
to form neurofibrillary tangles. The pathological aggregation of
AB and phosphorylated tau occurs in a sequential process. Small
numbers of monomers first aggregate into oligomers into neurons,
which then continue to aggregate into the fibrils observed in
amyloid plaques and neurofibrillary tangles [1]. Amyloid plaques
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primarily consist of aggregated AB. There are different A species
such as AB1-40, AB1-42, AB1-38, and AB1-43, among others. The
presence and amount of these different Af species are important
because each species has a different rate of aggregation and forms
different aggregated species, some of which are more toxic than the
others.

The clinical diagnosis of AD is currently based on a decline
in cognition and detection of amyloid Af and tau levels in the
cerebrospinal fluid. Diagnosis of AD is based on the postmortem
neuropathological assessment of both amyloid plaques and tau
pathology, which are not usually present both in AD animal models
[2]. Amyloid deposition in the brain can lead to the activation of
immune responses in the brain. A deposits activate the microglia,
which are innate immune cells in the brain. This activation leads
to an inflammatory response in the central nervous system (CNS),
known as the amyloid cascade. The amyloid cascade hypothesis is
the main hypothesis for the pathophysiology underlying AD, with
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the amyloid deposition possibly beginning 10-20 years before
the first symptoms of cognitive decline and AD diagnosis [3]. An
increase in the permeability of the blood-brain barrier has been
observed in AD. The human gut presents a diverse population of
microorganisms, known as the gut microbiota. The most abundant
in the adult human intestine are Firmicutes and Bacteroidetes [4].
It is known that gut microbes may alter levels of neurotransmitter-
related metabolites, affecting gut-to-brain communication and
brain functions. Recent studies suggest that the gut microbiome
can play an important role in the progression of neurodegenerative
diseases such as AD [5-7].

Materials and Method

Microbiota and neurodegenerative disorders

There is an axis between the microbiota, gut and brain (MGB
axis) observed in many studies including neurodevelopmental
disorders such as autism [8,9]. Different experiments suggest
that the gut microbiota and probiotic agents can alter levels of
circulating cytokines, which can have a significant effect on some
brain functions. Alterations in the gut microbiota can modulate the
peripheral and central nervous systems, resulting in altered brain
function [10]. The specific role of the gut microbiota in modulating
neuroimmune functions may have an important effect on the process
of neurodegeneration, especially that associated with AD. The
different components of the human gut microbiota, secrete amyloid
proteins in the CNS, resulting in AB accumulation and an increased
risk of AD [11]. A healthy gut has a normal and stable commensal
intestinal microbiota that provides the host with nutrition and
energy by producing vitamins. Gut-related inflammation is
essential in provoking endotoxemia, systemic inflammation, and
neuroinflammation, which can contribute to neurodevelopmental
disorders and the onset of psychiatric illnesses in later life. Previous
studies have provided evidences of the effect of the gut microbiota on
the CNS, as well as its neuroinflammatory role in neurodegenerative
diseases like AD [12]. Pro-inflammatory cytokines secreted by the
microglia and astrocytes induce continuous Af deposition and
create a positive feedback that exacerbates neurodegeneration.
The chronic gut inflammation increases intestinal permeability,
leading to the release of more pro-inflammatory factors in the CNS.
Thus, it is essential to conduct future studies on cell signaling and
cytokine regulation in the suppression of neuroinflammation in
AD [13]. A strategy on the treatment and prevention of AD may be
restoring and remodeling the composition of the gut microbiota.
The majority of the data on the role of the gut microbiota in AD
are from animal studies. But unfortunately, most preclinical animal
studies end up with unexpected failures during clinical transition
due to unidentified reasons [14].

Sex differences in Alzheimer and other diseases

Women have a greater lifetime risk of developing AD because
women live longer than men, but longevity is not the only
responsible for AD development [15]. Greater female longevity is

found among chimpanzees and most rat species, but not among
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mice and orangutans [16]. A study of the impact of sex on AD found
that nearly two-thirds of all patients diagnosed with AD are women.
Furthermore, 16% of women, but only 11% of men, live with
dementia after 71 years of age. The lack of consideration about the
effect of gender in studies on AD has difficulted faster advancement
in the detection, treatment, and care of AD and greater attention to
these differences should be considered [17]. In order to guarantee
the inclusion of female participants as well as racial or ethnic
minority participants in clinical research, the National Institutes
of Health Revitalization Act of 1993 established legal requirements
and guidelines [18]. However, underrepresentation of female
participants relative to disease prevalence (known sex bias) still
persists in many studies [19,20]. In 2015, new NIH policies were
announced and require applicants to report the balance of male and
female in studies with cells and animals in preclinical studies for all
applications, except in some special cases where it is necessary to
demonstrate the need for only one sex. The policy requires that sex
should be considered as a biological variable and should be included
into study designs, analyses, and reporting in animal studies, with
limited exceptions. It further requires sex difference analyses to
be performed in most studies, prescribing that researchers should
collected data disaggregated by sex [21].

The higher rates of adverse drug events in women are the
primary motivation for the inclusion of both male and female
materials in all preclinical research. When female patients receive
treatment based on the results of studies on male participants,
adverse events may occur because of sex-specific differences in
disease patterns, drug pharmacokinetics and clearance [22].

In a study on sex bias using a large amount of data from articles
and records, the authors observed that there was substantial
female underrepresentation in studies of different diseases and
especially HIV/AIDS and chronic kidney diseases. When using
studies as a measurement unit, there was little increase in female
representation in the studies from 1993 to 2018; however, when
using participants as a measurement unit, female representation
had improved. Authors concluded that sex bias against female
participants in clinical studies persists despite legal and policy
initiatives to increase female representation. This sex bias against
females is also present in previous preclinical studies with
laboratory animals [23].

Experimental models of Alzheimer disease

Experimental models are essential to understand the
pathogenesis of AD and to study the potential effects of novel
treatments performing preclinical testing. To date, the majority of
experimental models are based on transgenic mice that express
human genes to induce the formation of amyloid plaques and
neurofibrillary tangles. The first transgenic mouse model with
developed in 1995 with a substantial amyloid plaque. Since then,
new transgenic models have proliferated, each with a different
phenotype of AD-associated pathology. There is an interesting

review on the different animal models used to study AD. Most of the
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animal models used in AD research are transgenic mice. Wild-type
mouse with the amyloid precursor protein APP (isoform 695) has
97% sequence homology with human APP with mice and humans
showing differences in 3 amino acids within the AB sequence.
The Tg2576 mice express human APP with the double Swedish
mutation APPK670N/M671L, which results in the significant
overexpression of APP. The APP23 mice also express APP with
the double APPK670N/M671L mutation. Various transgenic
mouse models based on APP/PS1 have been developed to study
AD. The most extreme APP/PS1 mouse model that is widely used
is the 5xFAD model which express different APP mutations. The
expression of five human genes associated with familial AD (FAD)
mutations results in intraneuronal A accumulation at 6 weeks,
followed closely by plaque formation at 2 months. Another animal
model to study AD is transgenic mice expressing tau, because
wild-type mouse tau does not develop neurofibrillary tangles.
The most commonly used models of AD express 4R tau with
P301L or P301S mutations, which result in neurofibrillary tangles,
neurodegeneration, atrophy and motor deficits. The necessity of
these mutations for the development of neurofibrillary tangles
is an obvious limitation of these transgenic mouse models, as
these mutations are not associated with AD in humans and the
mutated tau may affect its toxicity or interaction with Af in a way
that is not representative of what occurs in AD. Furthermore, the
overexpression of mutated tau elicits significant motor deficits that
are not seen in AD and interfere with cognitive testing [24]. Only
a few transgenic rat models of AD have been developed, despite
having certain advantages over transgenic mice. They are more

Results and Discussion

similar to humans in their physiological, morphological and genetic
characteristics, while their larger brain makes cerebrospinal fluid
collection, electrophysiology and imaging easier. Moreover, they
have a behavioral phenotype, allowing for more complex behavioral
testing [25]. Other animal models are based on the injection of A
directly into the brain [26]. Irrespective of the animal model used to
study AD and its treatment, sex bias occurs in these studies, similar
to others.

It is necessary to perform research to determine the extent of
publication bias in the laboratory animals’ experiments [27]. In
this sense, systematized reviews can be used to put an experiment
into perspective, to refine the experimental design, to reduce the
number of unnecessary animal experiments, lowering the risk of
bias in the conclusions [28-35].

Literature search

In this review, we will discuss sex bias in the latest studies that
have used these animal models to investigate how changes in the
microbiota affect AD. A careful literature search was performed to
find publications on the effect of the microbiota in animal models
of AD. An online search was conducted on PubMed for studies
published in English in the last 5 years using the following search
term: animal model and Alzheimer and microbiota. The inclusion
criteria were: (1) experimental AD induced in rodents (i.e., rats or
mice) and (2) studies published in English. The exclusion criteria
were: (1) not an original paper (e.g., review, letter, opinion, etc.), (2)
studies in humans, (3) invertebrate models, and (4) other models
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( Identification of studies via databases
o
Records identified
through PubMed search
(n=72)
Records after English selection
(n=71)

—
f o

Records excluded: Records excluded:

Invertebrates Reviews, letters,

(n=5) conferences, etc.

g (n=24)
Recorsjs excluded:li)ther Records excluded:
disease models Human clinical studies
(n=5) (n=2)
—
Lo
Studies included in the
systematic review
(n=35)
Figure 1: Flowchart showing how the papers entered the review based on the search.
= J
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The search was limited to publications from the last five years
because this corresponded to the period when all the papers related
to the microbiota and AD were published. From a total of 72 articles
related to AD and the microbiota, only 35 were reviewed based on
the inclusion/exclusion criteria of the present review (Figure 1)

Table 1: Sex and animal species in different Alzheimer’s models

[35-40].

All 35 publications were original articles reporting preclinical
studies using mice or rats. Table 1 shows the different papers
reviewed with indication of sex and animal species used and details
about the different Alzheimer’s models (Table 1).

Animal Sex Alzheimer’s model Reference
Sprague Dawley 26
rats Male Amyloid-f (25-35) for AD infused into the brain
Male APP/PS1 transgenic mice (B6C3-Tg 29
Mice
(APPswe,PSEN1dE9)85Dbo/Mmjax; APP/PS1TG)
Wistar rats 30
(180-220g, 8 Male Intrahippocampal injection of AB1-42
weeks of age)
31
Mice Female APP/PS1 heterozygous transgenic mice
Triple-transgenic mouse model of AD, B6;129-Psen1tm1Mpm Tg (APPSwe,tauP301L)1Lfa/] 32
Mice (8-week-old) Male
(named 3xTg-AD)
Triple-transgenic mouse model of AD, B6;129-Psen1tm1Mpm Tg (APPSwe,tauP301L)1Lfa/] 33
Mice Male
(named 3xTg-AD)
Mice Male AD triple-transgenic mice, B6;129-Psen1tm1Mpm Tg (amyloid precursor protein [APP]Swe, s
tauP301L)1Lfa/] (named 3xTg-AD) and the wt B6129SF2 mice
Transgenic 5xFAD (APP K670N, M671L, 1716V; 35
Mice Both sexes
PS1 M146L, L286V
Mice Both sexes Transgenic Tg2576 mice, which harbor a human variant of APP termed the “Swedish” mutation 36
(APPswe), (Lys670/Asn and Met671/Leu),
37
Mice Male (SAMPS8) is a spontaneous animal model of overproduction of amyloid precursor protein (APP)
38
Mice Male C57BL/ 6N transplanted with microbioma from Alzheimer patient
Mice Male Tg (APPswe, PSEN1dE9) 85Dbo are double transgenic mice and APP/PS1 heterozygous transgen- 39
ic mice
40
Mice Both sexes APOE4 transgenic (E4FAD)
41
Mice Female AppNL-G-F with pathogenic Af are elevated
Murine transgenic AD model, AD-like 42
Mice No indicated
pathology with amyloid and neurofibrillary tangles (ADLPAPT),
43
Mice Female APPswe/PS1AE9 (PAP) transgenic
44
Mice Male C57BL/6 local administration of AS peptide into the brain.
Mice Male APP/PS1 transgenic 45
46
Mice Both sexes APPSWE/PS1AE9 transgenic
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47
Mice Male APPSWE/PS1AE9 transgenic
48
Mice Both sexes EFAD (5xFAD+/-/APOE+/+)
49
Rat Male Lyposaccharide rat model
50
Mice Male SAMP8 and age-matched SAMR1
A small hole was drilled on the skull and, via a Hamilton syringe, a single dose including 10 ul 51
Wistar rats Male (containing 10 ug) of aggregated B-amyloid was injected into the lateral ventricles of the brain.
Two injections (containing a total of 20 pg f-amyloid) were administered during two consecutive
days.
52
Mice Male APP/PS1 double transgenic
53
Mice Male APPswe/PS1dE9 double-transgenic
54
Mice Male APPswe/PSEN1dE9 transgenic
. P301L tau transgenic, expressing the longest human tau isoform (2N4R) with the FTDP-17 muta- 55
Mice Both sexes . -
tion P301L in neurons
56
Mice Male APPswe/PS 1dE9 (APP/PS1) transgenic (Tg)
3xTg-AD transgenic (TG) (RRID:
57
Mice Female MMRRC 034830-JAX) harboring the APPSWE and TauP301L transgenes on a PS1M146V knockin
background (homozygous mutant APPSWE, PS1M146V, and TauP301L),
58
Mice Male 5XFAD (Tg) express human APP and PSEN1 transgenes
59
Mice Both sexes 5XFAD (Tg) express human APP and PSEN1 transgenes
60
Mice Male 5XFAD (Tg) express human APP and PSEN1 transgenes
61
Mice Male APP/PS1 transgenic
Mice Male APPswe/PS1_E9 (PAP) transgenic 62

The majority of the studies were performed in mice, with only
4 (11%) using rats. Among these studies, 66% used only male
animals, 11% used female animals and 20% assessed animals from
both sexes (Figure 2). Only one study (3%) did not indicate the sex
of the animals employed (Figure 2) [41-62].

The high quantity of studies using only male animals is contrary
to the upper incidence of AD in women [17]. There was a review
of sex bias in research using non-human mammals in 10 different
biological fields, where authors found male bias in 8 disciplines.
Neuroscience was the one with most sex bias, with 5.5-time higher
studies with only males than females [63]. These results were
also observed within the period 2010-2014 [64] and similarly, in

Citation: M Pilar Vinardell. Sex Bias in Preclinical Studies: The Case of Gut Microbiota on Alzheimer’s Disease. Arch Neurol & Neurosci. 11(1):

2021. ANN.MS.ID.000752. DOI: 10.33552/ANN.2021.10.000752.

our results of the last five years. We found that there are only few
comments in the studies discussing the sex of the animals used.
One study defends the use of only female animals based on recent
evidence indicating that women are at a greater risk of developing
AD [57]. Another study mentioned that only female animals
were included to avoid gender-specific differences related to the
appearance of amyloid deposition during aging [31]. A recent study
on the use of probiotics justified the use of only female animals [41]
because an earlier work had demonstrated similar Af deposition
and gliosis across the sexes, but a more robust behavioral
phenotype in females [65]. Therefore, authors elected to use female
mice in the initial study but recognized that future work should
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compare probiotic effects in both male and female mice [41]. The
fourth study using only female animals did not indicate the reason
for this decision [43].

The studies using both sexes demonstrated differences
between the genders, with the AB deposition occurring earlier in
female than in male animals [48]. However, Wang et al., in 2019
did not observe any sex-dependent changes in the composition

of the gut microbiota and brain M1/Th1 cell abundance59, which
are in contrast to the findings of Dodiya et al. in 2019 that showed
sex-dependent changes in microglial numbers and Af deposition
during antibiotic treatment [66]. The authors speculated that this
discrepancy might have resulted from the different experimental
settings, such as the different mouse models used (APP/PS1-21 vs.
5xFAD), the varying ages of the mice receiving antibiotic treatment
and the readout parameters.

Female

® Male

® Both sexes

Figure 2: Percentage of studies using male animals, female animals, animals from both sexes or animals whose sex is not indicated.

® No indicated

J

Sex-specific differences in the microbiota can influence chronic
disease [67], as is the case with the changes in the gut microbiome
observed in patients with AD [68]. Female mice have higher
Gammaproteobacteria abundance than males regardless of age,
genotype, or diet. With aging, there are broad changes at the phylum
level, with higher Proteobacteria and lower Firmicutes prevalence
in females compared to males. Furthermore, aged females have
higher Bacteroides and lower Faecalibaculum prevalence compared
to males. Specific changes in the gut microbiota have been linked to
ApB levels, with greater effects in females than in males. Bacteroides
colonization increases Af deposition, which ca be a mechanism
whereby the gut affects AD pathogenesis. One option to treat AD is
based on a simple method of calorie restriction because it induces
changes in the microbiome. Thus, this highlights the importance of
the sex-specific microbial interactions observed in AD, suggesting

that separate therapies may be needed for males and females [36].

One study demonstrated the potential sex dependence of the
effect of the microbiome on AD, showing the importance of the
interactive effects of the apolipoprotein epsilon4 allele (APOE4),
and sex on the relationship between gut microbiome and AD. APOE4
is the greatest genetic risk factor for AD [48]. Another study used
a prebiotic such as inulin to effectively alter the gut microbiome

in a preclinical mouse model of AD, enhancing systemic metabolic
functions and reducing the brain inflammation characteristic of
early AD without showing any differences between the two sexes
[40].

The microbiota of adult female mice has been reported
to be similar to that of prepubescent female mice. However,
postpubescent male mice show a changing microbial composition in
their fecal content. This might result in a vulnerable ecosystem that
is more open to being injured by toxic Af peptides [37]. In general,
it is clear that AD has a higher incidence in women than in men,
with research on therapies for this disease still showing a sex bias
against women. Sex is a fundamental biological variable that has
to be considered in preclinical studies. The underrepresentation
of female cells and animals in preclinical research has resulted
in a poorer understanding of the biological, physiological, and
pathophysiological mechanisms in females compared to males.
Without data from females, it is impossible to determine whether
the results obtained from male cells and animals also apply to
female cells and animals. Basic science is necessary for the of new
therapeutics. The development of animal models of diseases using
only one sex makes it difficult to translate preclinical findings to
the treatment of men and women [21]. There is a clear policy about
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the introduction of sex as biological variable in preclinical studies,
and in this sense, the role of journals is crucial in advancing the
quality and transparency of the data reported in research. However,
progress in incorporating the topic of sex is very slow, especially
in some areas such as neuroscience. A significant effort is needed
from all those involved and especially from researches themselves.

The Sex and Gender Equity in Research (SAGER) guidelines
are a comprehensive procedure for reporting gender information
in study design, data analyses, results and data interpretation.
The SAGER guidelines are designed for authors preparing their
manuscripts, and also for editors who assess sex-related differences
into all manuscripts submitted to for publication in their journals
[69]. In conclusion, this review of sex bias in a specific case such
as AD research shows that there is still a gap in preclinical studies
despite recommendations and knowledge obtained about AD and
its treatment will not be enough as long as this sex bias continues
at the detriment of women. But unfortunately, this is not the only
case and there are still many preclinical studies of different human
diseases and treatment using only laboratory animals of one sex.

Conclusion

In conclusion, this review of sex bias in a specific case such as AD
research shows that there is still a gap in preclinical studies despite
recommendations. The knowledge about AD and its treatment will
not be enough as long as this sex bias continues at the detriment of
women. But unfortunately, this is not the only case and there are
still many preclinical studies of different human diseases and their
treatments using only laboratory animals of one sex and this need
a change.
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