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Alzheimer’s and Parkinson’s are the two best-known neurodegenerative diseases. Each
is associated with the excessive aggregation in the brain and elsewhere of its own
characteristic amyloid proteins. Yet the two afflictions have much in common and
often the same amyloids play a role in both. These amyloids need not be toxic and
can help regulate bile secretion, synaptic plasticity, and immune defense. Moreover,
when they do form toxic aggregates, amyloids typically harm not just patients but their
pathogens too. A major port of entry for pathogens is the gut. Keeping the gut’s microbe
community (microbiota) healthy and under control requires that our cells’ main energy
producers (mitochondria) support the gut-blood barrier and immune system. As we age,
these mitochondria eventually succumb to the corrosive byproducts they themselves
release, our defenses break down, pathogens or their toxins break through, and the side
effects of inflammation and amyloid aggregation become problematic. Although it gets
most of the attention, local amyloid aggregation in the brain merely points to a bigger
problem: the systemic breakdown of the entire human superorganism, exemplified by
an interaction turning bad between mitochondria and microbiota.

Keywords: microbiota, mitochondria, Alzheimer’s disease, Parkinson’s disease, gut-blood barrier, butyrate,
hydrogen sulfide, methionine

THE ROOTS OF ALZHEIMER’S AND PARKINSON’S DISEASE

If we live long enough, we will degenerate; and because it demands a great deal of oxygen and
energy, our brain’s decline is particularly conspicuous (Kramer and Bressan, 2018). The most
notable neurodegenerative diseases are Alzheimer’s and Parkinson’s, which are so common that
in 2015 they affected, respectively, 46 and 6 million people worldwide (Dorsey et al., 2007; GBD
2015 Disease and Injury Incidence and Prevalence Collaborators, 2016; Dorsey and Bloem, 2018;
see also Alzheimer’s Association, 2019). On the face of it, the two diseases look quite different.
The most notable symptoms of Alzheimer’s are progressive loss of memory and a worsening
cognitive ability (Alzheimer’s Association, 2019). The most notable ones of Parkinson’s are tremors,
stiffness, and instability when standing or walking (Kalia and Lang, 2015). Often, however,
patients suffer from a range of symptoms that do not all neatly fit the diagnostic criteria of one
disease or another, and often these patients are concurrently plagued by multiple health issues
(Del Tredici and Braak, 2020).

Both Diseases Feature Excessive Amyloid Aggregation
Underneath, moreover, the two disorders involve broadly similar physiological processes, with a
major role in both for amyloids – sticky proteins that can aggregate into nanoscale-tiny fibers
(fibrils) and larger clumps. The aggregation is due to the folding of the amyloids in a way that
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FIGURE 1 | Neuron with a nucleus (black disk), dendrites (black branching),
and an axon (running toward the bottom right). The neuron contains tau and
tangled-tau fibrils (brown), alpha-synuclein and Lewy bodies (black), and
beta-amyloid (white). Outside the neuron are beta-amyloid and amyloid
plaques. Locked in the neuron’s membrane is amyloid precursor protein (blue)
from which beta-amyloid is cut out.

causes similar nearby ones to fold in a similar way – a process akin
to the propagation of prion amyloids in mad-cow disease and in
its human counterpart, Creutzfeldt-Jakob disease (Goedert, 2015;
Stopschinski and Diamond, 2017; but cf. Surmeier et al., 2017;
Steiner et al., 2018; Kowalski and Mulak, 2019; Jankovska et al.,
2021; Nguyen et al., 2021).

Soluble amyloid aggregates tend to be toxic; larger insoluble
ones, although quite prominent, need not be (Bendor et al.,
2013; D’Andrea, 2016; Li et al., 2018; Quntanilla and Tapia-
Monsalves, 2020). In Parkinson’s, the soluble amyloid alpha-
synuclein can aggregate, inside neurons, into insoluble Lewy
bodies (Figure 1; Del Tredici and Braak, 2020). In Alzheimer’s,
soluble beta-amyloid can do so into insoluble plaques outside
neurons (Figure 1; Makin, 2018). Beta-amyloid is also present
inside neurons, and while soluble, it can likely enter neurons
from the outside (Bayer and Wirths, 2010; D’Andrea, 2016).
Inside neurons, both alpha-synuclein (Guo et al., 2013) and
beta-amyloid (Choi et al., 2014) can induce the soluble amyloid
tau to aggregate into insoluble tangled fibrils of tau-compounds
or truncated pieces of tau (Guo et al., 2017; Quntanilla and
Tapia-Monsalves, 2020; Figure 1).

Beta-amyloid, and especially tau, compounds have primarily
been associated with Alzheimer’s disease; alpha-synuclein
compounds and Lewy bodies instead with Parkinson’s disease
(Del Tredici and Braak, 2020; Nguyen et al., 2021). Yet all
three amyloids, and additional ones besides, can trigger one
another’s aggregation, and mixed neurodegenerative disease
is quite common (Nguyen et al., 2021). Alpha-synuclein, for
example, contributes to the aggregation of beta-amyloid and tau
compounds, tau compounds contribute to the aggregation of
alpha-synuclein (Pan et al., 2021), and Lewy bodies have been
observed not just in Parkinson’s but in other neurodegenerative

disease as well (Bendor et al., 2013; Wong and Krainc, 2017).
Moreover, besides alpha-synuclein, Lewy bodies can contain
tau and be surrounded by tau fibrils (Pan et al., 2021). And
conversely, besides beta-amyloid, plaques typically contain
other amyloids (D’Andrea and Nagele, 2010), including alpha-
synuclein (Bendor et al., 2013; Jankovska et al., 2021). In addition,
the MAPT gene, which expresses tau, is implicated in not only
Alzheimer’s (Zhou and Wang, 2017) but also Parkinson’s (Pan
et al., 2021). It might thus be a mistake to treat the various
degenerative diseases of the brain and body as categorically
distinct rather than as interrelated (see also Nguyen et al., 2021).

Both Diseases Feature Poor
Mitochondria and a Poor Microbiota
Although both Alzheimer’s and Parkinson’s can progress toward
dementia, accompanied by widespread damage (D’Andrea, 2016;
Weil et al., 2017), they differ in which part of the brain they
damage the most. Alzheimer’s is best known for degeneration
of the hippocampus (Figure 2A) and resulting deficits in the
formation of new memories (D’Andrea, 2016); Parkinson’s with
that of the pars compacta portion of the substantia nigra
(Figure 2B) and resulting deficits in one’s ability to move about
(Dickson et al., 2009; Poewe et al., 2017). Yet these neurological
differences actually highlight yet again how much the two
diseases have in common. Most of the energy our body and
brain run on is furnished by our mitochondria – entities inside
our cells that evolved from bacteria (Lane, 2015). And it so
happens that the hippocampus contains unusually low levels
of a protein – implicated in Alzheimer’s disease (Acker et al.,
2019) – that helps neurons and their mitochondria obtain oxygen
(Burmester et al., 2000). This, then, leaves these hippocampal
mitochondria particularly vulnerable to dysfunction (Acker
et al., 2019). Likewise, the pars compacta hosts exceptionally
large neurons, which require exceptionally large amounts of
energy, and these neurons’ mitochondria may therefore also be
particularly vulnerable to dysfunction (Pacelli et al., 2015; Rietdijk
et al., 2017; Shlevkov and Schwarz, 2017; Gonzaìlez-Rodriìguez
et al., 2021). This is especially the case because calcium levels
in these neurons tend to be higher than elsewhere, and this
stimulates alpha-synuclein buildup (Surmeier et al., 2017). In
Parkinson’s, much smaller neurons in nearby brain areas tend to
be spared (Pacelli et al., 2015; Rietdijk et al., 2017; Shlevkov and
Schwarz, 2017).

Although also heavily implicated in virtually every other
mental affliction, from chronic psychological stress and fatigue
to schizophrenia and autism (Kramer and Bressan, 2018),
mitochondrial dysfunction typically both accompanies and
precedes Alzheimer’s and Parkinson’s disease (see section “Poor
Mitochondria Means a Poor Microbiota”). Such mitochondrial
dysfunction can have various different causes, but one of them
is an abnormal presence of amyloids (Wong and Krainc, 2017;
Bernal-Conde et al., 2020; Huang et al., 2020; Quntanilla and
Tapia-Monsalves, 2020; Szabo et al., 2020; Borsche et al., 2021;
Feng et al., 2021; Nguyen et al., 2021; Zaretsky and Zaretskaia,
2021). The question arises, however, what causes this abnormal
presence. An important part of the answer, it appears, is infection
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FIGURE 2 | Location in the brain of (A) the hippocampus and (B) the midbrain (containing the substantia nigra), shown in red. The images are generated by Life
Science Databases from the Anatomography website maintained by Life Science Databases (Creative Commons):
https://commons.wikimedia.org/w/index.php?curid=7887124; https://commons.wikimedia.org/w/index.php?curid=7837965.

and inflammation (see section “The Main Problem Is Pathogens,
Not Amyloids”).

Pathogens can invade us through various points of entry, but
a major one is the gut. Primarily in the intestines, we house an
estimated 38 trillion microbes (Sender et al., 2016), among which
at least 2,172 known species (Hugon et al., 2015), comprising
about as many (small) microbial cells as we have (large) human
ones (Sender et al., 2016). In addition, these intestines leave space
for an even more diverse and numerous collection of viruses
(Cryan et al., 2019). Most of these are phages and prey on our
gut microbes without affecting us directly (Cryan et al., 2019)
but they nonetheless have been reported to affect their host’s gut-
blood barrier (Fitzgerald et al., 2019). Even at the best of times, the
community of microbes (microbiota) in the gut is not a harmless
community of symbionts: we possess a protective gut-blood
barrier to keep them out of our bloodstream, and because that
is not good enough, we also have a blood-brain barrier to keep
them out of our brain. To ease nutrients through, the gut-blood
barrier is only one-cell-thick and semipermeable (Groschwitz
and Hogan, 2009). In compensation, the intestine (especially the
large one, the colon, in which most of the gut microbiota resides)
is coated with a layer of sticky mucus, which helps protect the gut-
blood barrier from pathogen invasion (von Martels et al., 2017;
Kowalski and Mulak, 2019). Most importantly, the barriers of
both the small and the large intestine are protected by a heavy
presence of the immune system (Kowalski and Mulak, 2019).

This system, however, can only do its job if it is furnished
with sufficient energy, a task entrusted mostly to mitochondria.
Counterintuitively, some of these mitochondria have a sort of
brake on their energy production and release these brakes only
when needed (see section “Poor Mitochondria Means a Poor
Microbiota”). If the mitochondria fail to deliver the energy the
immune system needs, an unhealthy change in the gut microbiota
results, known as dysbiosis (see section “Poor Mitochondria
Means a Poor Microbiota”). The health of the microbiota thus
depends on that of the mitochondria, but because mitochondria
need nutrients and are harmed by pathogens, their health also
depends on that of the microbiota. For how long the interaction
between mitochondria and microbiota remains beneficial, and
we can keep neurodegenerative disease at bay, depends in part
on the quantity of food we eat (see section “Mitochondria’s
Oxygen Consumption Benefits the Microbiota”). It also depends
on how rich this food is in, for example, fibers (see section “The
Microbiota’s Fatty Acids Benefit Mitochondria”), fatty acids (see

section “The Microbiota’s Fatty Acids Benefit Mitochondria”),
and protein (see section “The Microbiota’s Hydrogen Sulfide
Can Either Benefit or Harm Mitochondria”). With age, both
mitochondria and the microbiota deteriorate, and gut pathogens
then have multiple options to either indirectly or directly wreak
havoc on the brain (see section “Trouble in the Gut Is Trouble
in the Brain”). Indeed, Alzheimer’s (Fulop et al., 2018; Moir
et al., 2018; Ashraf et al., 2019; Cryan et al., 2019; Li et al.,
2021) and Parkinson’s (Cardoso and Empadinhas, 2018; Nair
et al., 2018; Cryan et al., 2019; Lubomski et al., 2019; Huang
et al., 2021; Munoz-Pinto et al., 2021), along with many other
mental afflictions (Vuong et al., 2017; Cryan et al., 2019), tend
to be both accompanied and preceded by not only mitochondrial
dysfunction but also dysbiosis and intestinal disease (see also
Vogt et al., 2017; Villumsen et al., 2019; Shen et al., 2021).

THE MAIN PROBLEM IS PATHOGENS,
NOT AMYLOIDS

Amyloids Protect Against Pathogens
In low concentrations, amyloids are not a threat but a blessing,
and serve useful physiological functions. Beta-amyloid and
alpha-synuclein, for example, are involved in fat metabolism,
neurotransmitter release, synaptic plasticity, learning and
memory (Golovko et al., 2009; Parihar and Brewer, 2010; Cheng
et al., 2011; Bendor et al., 2013; D’Andrea, 2016; Fitzgerald et al.,
2019; Panza et al., 2019). Tau has an important role in structural
support in neurons and in the transport of mitochondria
through axons to synapses in need of energy (Guo et al.,
2017). Beta-amyloid has been preserved for at least 400 million
years, which would be difficult to understand if it had not
contributed to survival (Moir et al., 2018). Most Alzheimer’s or
Parkinson’s researchers focus their attention on the production
and aggregation of amyloids in and around neurons in the brain.
Yet amyloids are also produced in other cell types and body parts
(D’Andrea, 2016; Filippini et al., 2019), including various organs,
the skin, muscles, blood vessels, and the gut (D’Andrea, 2016;
Chalazonitis and Rao, 2018).

Both beta-amyloid (Moir et al., 2018) and alpha-synuclein
(Barbut et al., 2019) share several characteristics with substances
like LL-37 that have well-established antimicrobial properties. In
fact, they have anti-pathogenic properties themselves and they,
or their soluble aggregates, boost immunity further by triggering
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FIGURE 3 | Pathogen entrapped by amyloid fibrils. Icon adapted from the
Noun Project: Maxim Kulikov.

inflammation (D’Andrea, 2016; Park et al., 2016; Fulop et al.,
2018; Li et al., 2018; beta-amyloid: Moir et al., 2018; Ashraf et al.,
2019; alpha-synuclein: Barbut et al., 2019; Fitzgerald et al., 2019;
Kowalski and Mulak, 2019; Li et al., 2021). In Alzheimer’s, beta-
amyloid levels are typically rather high in the temporal lobes,
which host the hippocampus (Soscia et al., 2010). And tellingly,
after being injected into post-mortem samples of temporal lobes,
Candida albicans (a fungus implicated in intestinal disease)
grows less in samples taken from Alzheimer’s patients than in
samples taken from people of a similar age without the disease
(Soscia et al., 2010).

Likewise, after a brain injection of live Salmonella
typhimurium (a bacterium implicated in food poisoning),
mice engineered to overproduce human beta-amyloid displayed
a lower pathogen load in the brain (Kumar et al., 2016). They also
lost less weight and survived better than their control littermates
(Kumar et al., 2016). Mice engineered to underproduce beta-
amyloid survived marginally worse (Kumar et al., 2016).
Injection with dead Salmonella had no such effects.

Like antimicrobial LL-37, beta-amyloid is sticky, latches on to
pathogens like S. typhimurium, and entraps them in its fibrils
(Figure 3; Kumar et al., 2016). Any antimicrobial property of
beta-amyloid is only called for if such pathogens are indeed
present. It thus makes sense that even mice that have been
engineered to overproduce beta-amyloid have lower levels of
beta-amyloid in their brain if they had been raised germ-free than
if they had not (Harach et al., 2017; see also Minter et al., 2017).
After injection into the bloodstream of live S. typhimurium,
mice engineered to underproduce alpha-synuclein were also less
likely to survive than control littermates (Tomlinson et al., 2017).
Infection with a virus, rather than a bacterium, had a similar effect
(Beatman et al., 2015; Tomlinson et al., 2017).

Small concentrations of antimicrobial substances like LL-37
provide a net benefit to the host. Large concentrations of its
soluble aggregates can instead be toxic and are implicated in

several aging-related diseases (Moir et al., 2018). The same is
true for the amyloids typically implicated in Alzheimer’s and
Parkinson’s (Moir et al., 2018; Barbut et al., 2019). Healthy
mitochondria degrade damaged or misfolded proteins, including
amyloids like alpha-synuclein and beta-amyloid, but they become
overwhelmed when amyloid concentrations become too high
(Lautenschäger and Schierle, 2019; Lautenschäger et al., 2020;
Sivanesan et al., 2020). Moreover, mitochondria release free
radicals – chemicals that are corrosive to their host but also to
their own mitochondrial DNA. As a result, over time, more and
more of these mitochondria become dysfunctional (Lane, 2015;
Kramer and Bressan, 2019) and eventually unable to detoxify the
amyloids (Sivanesan et al., 2020).

Inflammation and the formation and aggregation of amyloids
and other antimicrobial substances are perhaps best seen as
a necessary evil. When moderate and brief, these defenses
offer a net benefit to the host and its mitochondria but when
excessive and chronic, their side effects may become worse than
the infections they were designed to quell (Wong and Krainc,
2017; Bernal-Conde et al., 2020; Huang et al., 2020; Quntanilla
and Tapia-Monsalves, 2020; Szabo et al., 2020; Vezzani et al.,
2020; Borsche et al., 2021; Feng et al., 2021; Zaretsky and
Zaretskaia, 2021). Because amyloid production and aggregation
serve a definite purpose, however, suppressing them may be risky.
Indeed, drugs that lower beta-amyloid levels raise the risk of
infection and have time and again either failed to improve the
health of Alzheimer’s patients or made it worse (Green et al., 2009;
Imbimbo, 2009; Makin, 2018).

Bad Genes and Bad Amyloids Offer the
Best Protection
By far the greatest risk factor of Alzheimer’s disease, but also
implicated in some forms of Parkinson’s disease (Tsuang et al.,
2013; Pang et al., 2018; Shi and Holtzman, 2018; Belloy et al.,
2019), is the gene Apolipoprotein E (APOE), which is involved in
the transport of cholesterol and other fatty acids or compounds
(Urosevic and Martins, 2008; Shi and Holtzman, 2018; Belloy
et al., 2019). APOE comes in four variants: APOE1 (extremely
rare and not considered further), APOE2 (rare), APOE3 (most
common), and APOE4 (common) (Belloy et al., 2019). APOE4
is evolutionarily the oldest (Belloy et al., 2019). Which APOE
variant one carries affects tau and alpha-synuclein levels (Huynh
et al., 2017; Hohman et al., 2018) and is likely involved in the
production, and very clearly in the breakdown, of beta-amyloids
(Belloy et al., 2019). Most studies suggest that beta-amyloid
buildup is favored least by APOE2, a bit more by APOE3, and
much more by APOE4 (Belloy et al., 2019). Mirroring this
pattern, APOE2 is the least and APOE4 the most inflammatory
(Moir et al., 2018; Sullivan, 2020).

In Western nations, with a diet rich in inflammatory fats and
poor in anti-inflammatory ones and with high blood cholesterol
levels (Sullivan, 2020), APOE4 is a major risk factor for early-
onset Alzheimer’s (especially in women: Belloy et al., 2019) and
so it has a bad reputation (Sullivan, 2020). Yet in places where,
because of a better diet or for other reasons, high cholesterol is
less common, APOE4 is either less of a risk factor for Alzheimer’s
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(like in East-Asians) or not at all (like in Africa’s Bushmen)
(Notkola et al., 1998). The incidence of Alzheimer’s is also higher
among Japanese Americans and African Americans than among
the Japanese and Africans (here Nigerians) living in their native
countries (Sullivan, 2020). And although APOE4 is a bigger risk
factor for Alzheimer’s than is APOE3, and Alzheimer’s involves
cognitive decline, among infected Tsimane Amazon-Indians,
APOE4 is associated with better cognition than APOE3 (Trumble
et al., 2017; see also van Exel et al., 2017; Zhao et al., 2020).
APOE4’s more inflammatory effect is a burden in those in good
health but apparently can be a boon during infection. More
recently, beta-amyloid was found to impair, but APOE4 itself to
slightly improve, short-term memory among some 400 British
participants without dementia (Lu et al., 2021).

Beta-amyloid consists of a chain of amino acids that can differ
in length, with the most common lengths being either 40 or 42
amino acids (by comparison, alpha-synuclein consists of some
140 amino acids and tau of 352 to 421; Nguyen et al., 2021). Beta-
amyloid 42 tends to aggregate into soluble fibrils and insoluble
plaques more easily than beta-amyloid 40 and is more toxic.
Unsurprisingly therefore, like APOE4, beta-amyloid 42 also has
a bad a reputation (D’Andrea, 2016; Jankovska et al., 2021). Yet
beta-amyloid 42 is not only more toxic to us, it is also more
toxic to pathogens (Soscia et al., 2010) and that can be a good
thing. Moreover, as mentioned, beta-amyloid has other functions
than just helping to fight off infection, and in small amounts
both beta-amyloid 40 and beta-amyloid 42 promote neuronal
survival (D’Andrea, 2016). What is bad or good about APOE
variants and amyloids, then, depends on circumstances like diet
and pathogen exposure.

The expression of various genes involved in
neurodegenerative disease is regulated by epigenetic processes
(Balmik and Chinnathambi, 2021) – processes that act upon
(epi in Greek) genes. An important epigenetic process is
methylation – the addition of a methyl group to a gene, or nearby
protein, so that it can no longer be read. The methyl group
is provided by S-adenosyl methionine, a chemical that in part
is produced with the help of mitochondria (Wallace and Fan,
2010; Lopes, 2020). Mitochondria are also the prime source of
the energy methylation requires. With age, as more and more
mitochondria begin to malfunction, this methylation process can
go awry. Indeed, diminished methylation can lead to abnormal
formation and accumulation of tau compounds (Balmik and
Chinnathambi, 2021) and likely of beta-amyloid too (Lin et al.,
2009). Thus, even if amyloids help protect us from pathogens, as
we age, mitochondrial dysfunction can eventually turn the genes
that express these amyloids against us.

POOR MITOCHONDRIA MEANS A POOR
MICROBIOTA

Keeping the Microbiota Healthy Requires
Energy
Before cognitive or motor symptoms emerge, metabolism
invariably has already gone awry in both Alzheimer’s

(Sun et al., 2020b) and Parkinson’s (Phillipson, 2017), as
well as in risk factors of these two diseases: diabetes (Arnold
et al., 2018; Cheong et al., 2020), obesity (Floud et al., 2020;
Kim and Jun, 2020; Qu et al., 2020), impaired amyloid clearance
(Phillipson, 2017; Sun et al., 2020b). Metabolism and amyloid
clearance rely to a large extent on mitochondria, which during
neurodegeneration are deteriorating (Phillipson, 2017; Sun et al.,
2020b; Nguyen et al., 2021). One way to simulate the decline in
mitochondrial health in lab animals is to expose mitochondria
to a poison. When they are poisoned, mitochondria produce
less energy and more free radicals, just like they do during
aging. If its cells receive less energy and more free radicals, the
gut-blood barrier becomes leaky and lets pathogens through
into the bloodstream (Jackson and Theiss, 2020). Lowering free
radical levels with antioxidants shores up the barrier, instead,
and diminishes its leakiness (Jackson and Theiss, 2020), which
helps prevent dysbiosis (Thevaranjan et al., 2017).

Mitochondria are not only important for the maintenance
of protective barriers but also for the proper functioning of
the immune system (Cardoso and Empadinhas, 2018; Munoz-
Pinto et al., 2021). Each mitochondrion features an outer
membrane that separates it from the rest of the cell, and an inner
membrane that contains its machinery for energy production
(Kramer and Bressan, 2019). Curiously, the inner membrane
of the mitochondria that reside in a particular type of white
blood cells produces much less energy than it is capable of
Konjar et al. (2018). Upon recognizing viruses, bacteria, or
harmful debris, immune cells release proinflammatory signaling
molecules that, in defense of the host, trigger inflammation
(Jackson and Theiss, 2020). When this happens, the properties
of the inner membrane of the white-blood cells’ mitochondria
abruptly change: the brakes come off and energy production
shoots up (Konjar et al., 2018). This sudden boost of energy
allows the white blood cells to proliferate fast and take immediate
action against their foes. If mitochondria cannot produce the
energy that white blood cells need to fight off infection, the gut-
blood barrier suffers, and gut pathogens get a chance to thrive and
invade their host’s bloodstream (Figure 4; Konjar et al., 2018).
Mitochondrial dysfunction reduces the energy available to the
immune system and impairs the immune system’s ability to keep
the gut microbiota under control. This, then, leads to dysbiosis as
well (Yardeni et al., 2019; Jackson and Theiss, 2020).

Energy Production Deteriorates With Age
Activation of the immune system comes with a surge of free
radicals that is harmful not only to invading pathogens, but also
to the tissues of the host itself and the mitochondria in the cells
of these tissues (López-Armada et al., 2013; Angajala et al., 2018).
Aside from the fact that they consume resources, inflammation
and free-radical production should thus not be brought to bear
more than strictly needed (Konjar et al., 2018). This, then, might
be why mitochondria behave like gate keepers; they hold their
guard dogs (immune cells) on a tight leash when all is fine and set
them loose only when bad characters (pathogens) come charging
in Kramer and Bressan (2019).

Although free radicals can harm mitochondria, the
mitochondria release many of them themselves during energy
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FIGURE 4 | Immune defenses protect against pathogens but only if they are
empowered by (A) strong mitochondria rather than (B) weak ones. Icons
adapted from the Noun Project: Maxim Kulikov (bacterium), dDara
(mitochondrion), and David Khai (shield).

production (Lane, 2015; Kramer and Bressan, 2019). Much of
the DNA that mitochondria carried as independent bacteria
was eventually incorporated into the nucleus of their host cells
(Lane and Martin, 2010; Lane, 2015). Yet the mitochondria
did hold on to 37 genes, of which 13 express proteins needed
for the mitochondrial energy-production machinery (Johnston
and Williams, 2016). To a large extent, mitochondrial genes
determine how much energy mitochondria can produce
(Johnston and Williams, 2016) and how many free radicals they
release in the process (Moreno-Loshuertos et al., 2006, 2013).
Lab animals have been bred or engineered that carry versions
of mitochondrial DNA that increase free-radical production
(Yardeni et al., 2019). The higher this production, the leakier
the gut, offering opportunities to gut pathogens (Jackson and
Theiss, 2020). In fact, mice made to produce more free radicals
harbor a less diverse gut microbiota, with more of it consisting
of Bacteroidales (a subset of Bacteroidetes; Figure 5) rather than
Clostridia (a subset of Firmicutes; Figure 5; Yardeni et al., 2019).
Consistently, after 10 weeks on a drug that lowers rather than
raises free radical levels, normal mice ended up with 31% fewer
Bacteroidales, and more than twice as many Clostridia, as before
(Yardeni et al., 2019).

Bacteroidales need not necessarily be harmful. Bacteroides
acidifaciens, for example, helps prevent obesity and improve
insulin sensitivity (shown in mice: Yang et al., 2017). Conversely,
Clostridia need not necessarily be beneficial; once ingested,
Clostridium difficile can cause food poisoning and kills thousands

each year in the US alone1 (Czepiel et al., 2019). Most studies do
not investigate individual species or strains of bacteria but entire
families or other broad categories. Substantial methodological
differences between studies complicate matters further, with
some studies controlling for medication whereas others do not
(Romano et al., 2021). Unsurprisingly, they regularly come
to different conclusions about which ones are beneficial or
harmful (Cryan et al., 2019). Still, aging – the largest risk factor
for both Alzheimer’s and Parkinson’s (Hou et al., 2019) – is
generally accompanied by a less diverse microbiota (Cardoso and
Empadinhas, 2018; Haran and McCormick, 2021; Romano et al.,
2021), and in mice also by a proliferation of Bacteroidales at the
expense of Clostridiales (Figure 5; Yardeni et al., 2019).

Alas, improving the gut microbiota requires more than just
enriching or replacing it. Mice deficient in tumor necrosis factor
(a trigger of inflammation) are protected not only from age-
related inflammation and a leaky gut but also from dysbiosis
(Thevaranjan et al., 2017). Reducing the levels of this signaling
molecule with a drug reproduces some of these positive effects
(Thevaranjan et al., 2017). This shows once again that the gut
microbiota is affected by the immune system and its signaling
molecules. Because the levels of tumor necrosis factor rise with
age (Thevaranjan et al., 2017), dysbiosis should be expected
to worsen with age, and indeed it does (Thevaranjan et al.,
2017). Moreover, inflammation is typically accompanied by a
rise in free radical levels, and in mice whose mitochondrial
DNA has been engineered to engender excessive free-radical
production, revealing effects were obtained with cross-fostering.
In this procedure, the offspring of mothers engineered to produce
relatively many free radicals are given the microbiota of a foster
mother engineered to produce relatively few. Within 2 months,
the adopted microbiota changed into one consistent with the
biological mother’s and not the foster mother’s (see also Hirose
et al., 2017 and for related human evidence: Ma et al., 2014;
Yardeni et al., 2019). Keeping a healthy microbiota thus requires
keeping healthy mitochondria too, and this means being lucky
enough to carry good mitochondrial genes. As we get older,
mitochondria accrue more and more mutations, release more and
more inflammation provoking debris (Munoz-Pinto et al., 2021),

1https://www.cdc.gov/hai/organisms/cdiff/cdiff_infect.html

FIGURE 5 | Classification of bacteria mentioned in this review, from Phylum (the widest category) to Species (the narrowest). From Order to Species, strictly
anaerobic bacteria are shown in white on black, largely anaerobic ones in white on gray, and aerobic ones in black on white.
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countermeasures to mitigate the harm begin to fail (Lane, 2015),
and keeping the microbiota healthy becomes less and less feasible.
Of course, if someone’s dysbiosis is due not to genes but to
circumstances, such as a poor diet or a treatable infection, hope
remains for a more lasting cure.

MITOCHONDRIA’S OXYGEN
CONSUMPTION BENEFITS THE
MICROBIOTA

Metabolism Regulates Gut Oxygen
Levels
To function well, mitochondria need to be fed. They can only
metabolize food that has been digested. After having been chewed
to bits, meals are first broken down with the help of acid in
the stomach, and bile and enzymes in the small intestine; next,
the process is taken over by the microbiota, mainly in the
large intestine. The gut microbiota expands through cloning
and with each of our meals; it diminishes with defecation.
Among the bacteria frequently found in the gut, the majority
by far use little or no oxygen (here collectively referred to as
“anaerobes”), a minority can or must use larger quantities of
this gas (here collectively referred to as “aerobes”) (von Martels
et al., 2017). Perhaps because our well-oxygenated tissues are not
ideal places for them, anaerobes are less inclined than aerobes
to invade, or interfere with, these tissues (Shelton et al., 2020).
Although anaerobes are by no means all harmless symbionts (the
Bacteroidales and Clostridia mentioned before are all anaerobes),
aerobes are more often associated with disease (Shoaie et al.,
2021). A healthy gut is thus one in which anaerobes tend to do
well and aerobes do not (Rigottier-Gois, 2013; Byndloss et al.,
2017; Litvak et al., 2017).

Gut oxygen levels depend on the kind of metabolism the host
engages in Byndloss et al. (2017) and Wang et al. (2019). In each
of our cells except red blood cells, the conversion of digested food
into energy (catabolism) typically involves mitochondria (Wang
et al., 2019). In this process, food is effectively treated as fuel and
burned down with the help of lots of oxygen (Wang et al., 2019).
Instead, the conversion of food into either building blocks for
growth, or fat or glycogen for energy storage (anabolism), occurs
mostly without engaging mitochondria, and requires much less
oxygen or none at all (Byndloss et al., 2017; Wang et al., 2019). So,
cells extract far more oxygen from their surroundings when they
catabolize food than when they anabolize it. The consequences
are particularly interesting if one looks at the cells that compose
the gut wall: when they burn food for energy (rather than
fermenting it for building blocks or energy storage), the level of
oxygen near the gut wall drops (von Martels et al., 2017), and
the microbiota as a whole becomes more anaerobic and healthier
(Byndloss et al., 2017; Litvak et al., 2017).

Fasting Improves Metabolism
Whether food is catabolized or anabolized is regulated in part
by hormones sent out by the hypothalamus and an adjacent
organ directly under its control: the pituitary gland (Figure 6).

In part, it is also regulated inside cells by various chemicals
that act like sensors of nutrients, of pathogen invasion, and
of other intracellular circumstances (Wang et al., 2019). If
the hypothalamus and individual cells ascertain that food is
abundant and circumstances suitable, they push for growth and
reproduction, which rely heavily on anabolism. If the opposite
is the case, they encourage maintenance operations, which rely
heavily on catabolism (Wang et al., 2019). For the survival of
genes, growth and reproduction are obviously paramount; for the
survival of their host, however, maintenance is more important
than either growth or reproduction. Likely to allow for growth
and reproduction (and for the storage of energy for leaner times),
we have evolved to enjoy eating abundantly. Eating no more
than necessary, however, has repeatedly been found to improve
the health of both mitochondria (Mattson and Arumugam,
2018; Mattson et al., 2018) and the gut microbiota (Rinninella
et al., 2020). In addition, fasting lowers free radical levels and
inflammation (Mattson and Arumugam, 2018; Mattson et al.,
2018), improves leaky gut problems and gut disorders (Rinninella
et al., 2020), diminishes overweight and diabetes (Anton et al.,
2018), stimulates the release of brain-derived neurotrophic factor
(which stimulates the growth of nerves) (Mattson et al., 2018),
and helps stave off neurodegenerative diseases like Alzheimer’s
and Parkinson’s (Mattson and Arumugam, 2018).

Still, when facing pathogens, the immune system needs not
only catabolism to energize immune cells but also anabolism
to allow these cells to grow and multiply (Wang et al., 2019;
Jackson and Theiss, 2020). Dieting should thus not be so extreme
that there are no reserves left to fight infections or for essential
growth of, for example, new neuronal connections. Indeed, in
elderly individuals and others who suffer disproportionately from
infections, inflammation, or weak mitochondria, dieting could be
too stressful and hasten death rather than extending life (Forster
et al., 2003; Mulvey et al., 2014; Lazic et al., 2020). For everyone
else, however, adopting a diet that promotes mitochondrial
catabolism and reduces extra-mitochondrial anabolism helps
improve the health of the gut microbiota and stave off disease.

THE MICROBIOTA’S FATTY ACIDS
BENEFIT MITOCHONDRIA

Fatty Acids Nourish Mitochondria and
Harm Various Pathogens
Among the beneficial bacteria that in the large intestine thrive on
little or no oxygen are many that ferment soluble and insoluble
fibers or starches that in the small intestine resist digestion
(Sajilata et al., 2006; Canfora et al., 2015; Cryan et al., 2019;
Silva et al., 2020; Gill et al., 2021). These fibers and starches can
be found in abundance in, for example, fruits and vegetables
and cooled-off boiled potatoes. During the fermentation of these
fibers, fatty acids are produced by bacteria such as Bacteroides
(Figure 5), and these fatty acids can then be consumed by the host
or by other bacteria that, in turn, produce different fatty acids.
Bacteroides thetaiotaomicron, for example, ferments dietary fibers
and releases the fatty acid acetate; the firmicute Eubacterium
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FIGURE 6 | Location in the brain of (A) the hypothalamus and (B) the pituitary gland, shown in red. Images are generated by Life Science Databases from the
Anatomography website maintained by Life Science Databases (Creative Commons): https://commons.wikimedia.org/w/index.php?curid=7848243;
https://commons.wikimedia.org/w/index.php?curid=7833196.

rectale consumes this acetate and releases the fatty acid butyrate
(Shoaie et al., 2013).

Butyrate is a prime fuel for the mitochondria of colon cells,
which typically burn it down with lots of oxygen (Donohoe et al.,
2011; Byndloss et al., 2017). The low oxygen levels in the gut
that result from butyrate catabolism is, as mentioned, particularly
harmful to gut pathogens. At the same time, mitochondria
that are well-nourished with butyrate should be able to offer
better support to the cells of the gut wall and gut-blood barrier
(Jackson and Theiss, 2020), which in turn can then better
prevent gut pathogens from invading the bloodstream. Whether
mitochondria mediate the effect or not, increased butyrate
production and exposure has indeed been associated with a better
functioning gut-blood barrier (Lewis et al., 2010; Knudsen et al.,
2018; but cf. Tabat et al., 2020).

Butyrate affects pathogens in a more direct way as well. The
fatty acid consists of a very short chain of carbon atoms, and like
other fatty acids of this kind, dissolves both the protective outer
layer of viruses and the type of cell-wall that pathogenic microbes
tend to have more often than do benign ones (Alcock et al., 2012).
Likely because they reduce the need for the immune system
to act, very-short-chain fatty acids, and butyrate in particular,
have an anti-inflammatory effect (Fernández et al., 2016; Couto
et al., 2020). Inflammation relies not only on catabolism but
also on anabolism (Wang et al., 2019). So, the toning down of
inflammation should, help reduce gut oxygen levels further and
create a virtuous cycle.

One of the pathogens directly harmed by butyrate is
Helicobacter pylori (Yonezawa et al., 2012), which is typically
found in the mouth and digestive tract – especially the stomach –
of about half the world’s population (Doulberis et al., 2018).
H. pylori releases a toxin that induces mitochondria of white
blood cells to kill their host cells so that they can no longer harm
the pathogen (see also Foo et al., 2010; Akazawa et al., 2015).
If H. pylori is abundant enough, it can cause the side effects of
ulcers and stomach cancer (Foo et al., 2010; Akazawa et al., 2015).
The bacterium is typically found far from the brain and it is
unclear whether it can trigger amyloid deposition (Wang et al.,
2015) or not (Albaret et al., 2020). Its eradication fails to improve
already existing symptoms of neurodegeneration (Huang et al.,
2018; Tan et al., 2020). Still, H. pylori does appear to inflame
neurons (Albaret et al., 2020) and has been found to raise the
risk of Parkinson’s disease (Çamcı and Oğuz, 2016; Shen X.
et al., 2017; Huang et al., 2018, 2021). There are indications that,

especially in combination with other pathogens (Beydoun et al.,
2020), H. pylori is also a risk factor for Alzheimer’s and associated
conditions (see also Shen L. et al., 2017; Doulberis et al., 2018; but
cf. Fani et al., 2018). Injecting H. pylori in between the membranes
lining the abdominal cavity has been found to lead to learning and
memory deficits in rats (Wang et al., 2015).

Short-chain fatty acids not only benefit mitochondria and
harm gut pathogens like H. pylori, but also have another
remarkable effect: they strongly inhibit the aggregation of
amyloids, or at least that of beta-amyloid (shown in vitro; Ho
et al., 2018). The levels of butyrate in feces correlate with those
in the brain (shown in mice: Zhang et al., 2017), and tellingly,
the feces of patients with Parkinson’s contain abnormally few
butyrate-producing bacteria (Unger et al., 2016; Cirstea et al.,
2020). Moreover, concentrations of butyrate in feces have been
associated not only with Parkinson’s in humans (Unger et al.,
2016), but also with aging in humans in general (Duncan
and Flint, 2013) and with an Alzheimer-like condition in mice
(Zhang et al., 2017). A nutrient that is particularly good for our
mitochondria (butyrate) thus happens to be particularly harmful
to gut pathogens (like H. pylori) and helps prevent or delay
neurodegenerative disease.

Probiotics and Prebiotics Stimulate Fatty
Acid Production
The production of fatty acids through bacterial fermentation of
fibers in the colon can be improved by consuming probiotics
(foods rich in beneficial bacteria such as fermented products
like yoghurt or kimchi) and prebiotics (foods rich in soluble or
insoluble fibers probiotic bacteria ferment) (LeBlanc et al., 2017).
Fatty acids are an important nutrient for the mitochondria of
colon cells, but also for those elsewhere. In addition, they can be
converted into cholesterol and other fatty substances with a wide
range of uses (LeBlanc et al., 2017). One can induce a Parkinson’s-
like condition in rats by injecting a poison in their right medial
forebrain bundle (Nurrahma et al., 2021). Feeding such rats the
probiotic Lactobacillus salivarius improves their mitochondrial
function, raises antioxidant levels, and prevents deterioration in
movement, loss of muscle mass, and loss of dopamine neurons
(Nurrahma et al., 2021). A prebiotic has a comparable, but
more limited, effect (Nurrahma et al., 2021). Consistently, two
somewhat similar studies that induced an Alzheimer’s-like, rather
than a Parkinson’s-like, condition showed a protective effect of
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two probiotic strains of Peng et al., 2014; Divyashri et al., 2015;
Lactobacillus plantarum Mallikarjuna et al., 2016; see also Cryan
et al., 2019 for a review, and in addition Abraham et al., 2019).

A meta-analysis across several studies involving humans failed
to find any benefit of probiotics on cognition (Marx et al., 2020).
Yet this analysis did not consider the health status of participants
and a probiotic might not benefit people who already have a
healthy gut microbiota, as the authors themselves point out,
or who have already incurred irreparable damage. Probiotics
do ameliorate conditions like obesity and diabetes (Hampe
and Roth, 2017), which typically involve disturbed metabolism
and mitochondrial dysfunction and are risk factors of both
Parkinson’s and Alzheimer’s (Arnold et al., 2018; Biosa et al.,
2018; Vieira et al., 2018; Chornenkyy et al., 2019; Luca et al., 2019;
Rigotto and Basso, 2019; Cheong et al., 2020; Carranza-Naval
et al., 2021; Nguyen et al., 2021). Diabetes is, in fact, associated
with a reduction in butyrate-producing bacteria (Maniar et al.,
2017). And Metformin, a prime drug against diabetes, happens
to benefit butyrate-producing bacteria (Hampe and Roth, 2017;
Maniar et al., 2017), seems to improve Alzheimer’s disease, and
might even delay aging more generally (Maniar et al., 2017).
So, healthy mitochondria promote an oxygen-avoiding, butyrate-
producing gut microbiota (see section “Mitochondria’s Oxygen
Consumption Benefits the Microbiota”), and conversely, such a
microbiota also promotes the health of mitochondria.

Given that supplementing diets with pro- or pre-biotics
typically increases gut microbial fatty acid production, and that
fats are fatty-acid compounds, it is interesting to note that
an unsupplemented diet poor in carbohydrates, no more than
adequate in protein, but high in fats, has repeatedly been found
to produce similar benefits. The diet improves mitochondrial
function after brain trauma (Greco et al., 2016) and can prevent
or ameliorate cognitive deficits and Alzheimer’s and Parkinson’s
disease (but cf. Bostock et al., 2017; Włodarek, 2019; Cunnane
et al., 2020; Lilamand et al., 2020; Rawat et al., 2021). The diet
is intended to mimic the positive health effects of those that
restrict the consumption of food more broadly. Still, for elderly
people who are degenerating and have already begun to lose
weight, such dieting may no longer be advisable (Włodarek, 2019)
(see also section “Mitochondria’s Oxygen Consumption Benefits
the Microbiota”).

THE MICROBIOTA’S HYDROGEN
SULFIDE CAN EITHER BENEFIT OR
HARM MITOCHONDRIA

Hydrogen Sulfide Can Be a Boon
The highlight of a satisfying meal is typically some source of
protein: meat, fish, cheese. Its component amino acids stimulate
growth and reproduction at the expense of maintenance
operations (Kim and Guan, 2019; Kitada et al., 2021). Essential
amino acids like methionine, which are critical to normal
growth, are obtained from food with the help of enzymes, the
microbiota in the small intestine, and – to a small extent –
also the microbiota in the large intestine (Ma and Ma, 2019).

Methionine can be recycled from dysfunctional mitochondria
or other cellular debris as well (Kitada et al., 2021). A chemical
reaction of methionine with adenosine triphosphate (ATP),
which is biology’s most important portable energy store,
produces S-adenosyl-methionine (SAM), which is biology’s most
important molecule for the silencing or expression of genes
(Loenen, 2006; Janke et al., 2015; Kramer and Bressan, 2021). In
fact, it is not methionine itself but SAM that promotes growth and
reproduction and diminishes maintenance and recycling (Kitada
et al., 2021). Mitochondria are the most important source of ATP
and the production of SAM depends on mitochondria too, and
in part on mitochondrial DNA. This means that normal growth
depends on the health and genetic makeup of mitochondria
(Kramer and Bressan, 2021).

Provided its intake remains sufficient, the less methionine
is consumed, the more its metabolization is directed toward
the production of glutathione and the gas hydrogen sulfide.
Glutathione is an antioxidant and in small quantities so is
hydrogen sulfide, but hydrogen sulfide is particularly important
as a kind of neurotransmitter (Paul and Snyder, 2018; Kitada
et al., 2021; Paul, 2021; Sokolov et al., 2021). The less methionine
or SAM and the more hydrogen sulfide is available to a cell,
the more of the cell’s dysfunctional mitochondria and other
debris are recycled, the better its remaining mitochondria and
cellular components perform, and the fewer free radicals its
mitochondria release (Paul and Snyder, 2018; Wu et al., 2020;
Kitada et al., 2021; Sokolov et al., 2021). This, in turn, allows
fatty-acid producing gut bacteria to thrive at the expense of gut
pathogens (Wu et al., 2020) and promotes a normal permeability
of the gut-blood barrier (Ramalingam et al., 2010). In the process,
homocysteine derived from methionine is also metabolized (Paul
and Snyder, 2018; Kitada et al., 2021), and the resulting low
levels of homocysteine have been found to promote the normal
permeability of the blood-brain barrier (Kamath et al., 2006).
Restricting the consumption of protein, and in particular of
methionine, improves not only the health of mitochondria, the
gut microbiota, and protective barriers, but also the health and
lifespan of the host (Soultoukis and Partridge, 2016; Kitada et al.,
2021; Sokolov et al., 2021).

Small amounts of hydrogen sulfide are anti-inflammatory
(Blachier et al., 2007) and as a result promote the health of both
our mitochondria and microbiota. In addition, small amounts of
this gas inhibit the formation of abnormal amyloid compounds
of alpha-synuclein (Hou et al., 2017), tau (Giovinazzo et al.,
2021), and beta-amyloid (Rosario-Alomar et al., 2015) and
helps keep at bay neurodegenerative disease (Hou et al.,
2017; Paul and Snyder, 2018; Munoz-Pinto et al., 2021; Paul,
2021). Conversely, mutations in genes involved in methionine
metabolism, dysregulated methionine metabolism, and abnormal
hydrogen-sulfide and glutathione levels have all been implicated
in neurodegenerative disease and in aging more generally (Paul,
2021; Sokolov et al., 2021).

Hydrogen Sulfide Can Be a Burden
Since primordial times, hydrogen sulfide has sustained life
(Fu et al., 2012; Lane, 2015; Paul and Snyder, 2018), and in
small amounts it still has a net beneficial effect on us today
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(Blachier et al., 2007; Paul and Snyder, 2018; Kitada et al., 2021;
Sokolov et al., 2021). Many people, however, are exposed to
larger quantities of this smelly gas, quantities that are more toxic
than beneficial (Blachier et al., 2007; Sokolov et al., 2021). Some
gut microbes in the colon metabolize either sulfate or – more
importantly – sulfur-containing amino acids, which are both
obtained from partially digested protein (Blachier et al., 2007).
Among the amino acid metabolizers are familiar pathogens like
particular strains of Escherichia coli and Salmonella (Jackson
and Theiss, 2020). These microbes are more flexible than many
others. They thrive on oxygen but can do without it too. At least
one particular strain of pathogenic E. coli switches its metabolism
during gut inflammation toward the fermentation of amino acids
when these are available, whereas more beneficial strains do not.
This flexibility gives the pathogen, and others like it, an edge over
its less flexible competition (Kitamoto et al., 2020).

During the metabolism by gut bacteria of sulfate or sulfur-
containing amino acids, hydrogen sulfide is released, and
mitochondria – especially those of colon cells (Goubern et al.,
2007) – can use this gas as a fuel (Blachier et al., 2007; Fu
et al., 2012). Yet if too much protein has been consumed, which
benefits gut pathogens, the concentration of hydrogen sulfide can
become harmful to mitochondria (Blachier et al., 2007; Mottawea
et al., 2016). As these mitochondria begin to malfunction,
butyrate catabolism and energy production decrease; free-radical
production, inflammation, gut-blood permeability increase; and
intestinal disorders worsen (Blachier et al., 2007; Singh and Lin,
2015; Mottawea et al., 2016; Bajpai et al., 2018; Pal et al., 2018;
Aguilar-López et al., 2020; Jackson and Theiss, 2020; Sokolov
et al., 2021). Moreover, whereas low levels of hydrogen sulfide
have a positive effect on the vascular system (Paul and Snyder,
2018) – and directly or indirectly diminish neuroinflammation,
cognitive deficits, and the risk of Alzheimer’s and Parkinson’s –
high levels exert the opposite effect (Paul and Snyder, 2018;
Paul, 2021).

As an aside, note that like hydrogen sulfide, nitric oxide is also
a gas that functions like a neurotransmitter. It is produced by both
mitochondria (Litvinova et al., 2015) and the gut microbiota (Tse,
2017), its effects interact with those of hydrogen sulfide (Blachier
et al., 2007), and it also has net beneficial consequences in
small amounts and harmful ones in large amounts. And in large
amounts, it too has been implicated in dysbiosis, mitochondrial
dysfunction, and Alzheimer’s and Parkinson’s disease (Litvinova
et al., 2015; Tse, 2017).

Let us return to protein, methionine, and hydrogen sulfide.
Note that the health benefits that can be obtained through
restricting food intake, including delayed neurodegeneration,
can also be obtained by simply restricting protein, or even
just methionine, intake (see also Wei et al., 2017; Thelen and
Brown-Borg, 2020; Wu et al., 2020; Kitada et al., 2021; McCarty
and Lerner, 2021). Like protein, vegetables like broccoli and
cauliflower contain sulfur and during their digestion hydrogen
sulfide is released too (Citi et al., 2014). This release, however,
is slow (Citi et al., 2014) and as a result has a positive effect on
our health (Whiteman et al., 2010). Broccoli and cauliflower, and
members of the Brassicaceae family more generally, also contain
sulforaphane. This sulfurous substance is toxic not only to a

number of the vegetables’ own microbial enemies (Schillheim
et al., 2018) but also to many of our gut pathogens, including
H. pylori (Kellingray et al., 2017; Le et al., 2020). So, whereas
healthy mitochondria promote an oxygen-avoiding, butyrate-
producing gut microbiota, and conversely such a microbiota also
promotes the health of mitochondria, protein- or methionine-
fermenting gut microbiota harms them instead. And this harmful
effect has downstream ones on both Alzheimer’s and Parkinson’s.

TROUBLE IN THE GUT IS TROUBLE IN
THE BRAIN

Gut Pathogens’ Interaction With the
Brain Is Multipronged
Besides low levels of oxygen and hydrogen sulfide, and high levels
of fatty acids, a healthy gut requires the proper regulation of
immunity, hormones, gut-blood permeability, bowel movements,
and stomach-acid and bile secretion. The orchestration of the
full system is demanding enough that the gut has dedicated
to this task its own bespoke nervous system. Hinting at its
importance, this “enteric” nervous system evolved before the
central one did (Snoek et al., 2010; Furness, 2012; Cryan et al.,
2019; Niesler et al., 2021) and comprises between 400 and 600
million neurons, covering the entire 32 m2 inside surface of the
intestines (Helander and Fändriks, 2014).

Dysfunctional gut receptors of the enteric nervous system, as
well as genetic aberrations of the enteric nervous system, the
central nervous system, and the connections between them, have
all been associated with gut disorders (Snoek et al., 2010; Cryan
et al., 2019; Niesler et al., 2021). Alzheimer’s (Cui et al., 2018;
Waziry et al., 2020) and Parkinson’s (Liu et al., 2020) raise the risk
of stroke. Remarkably, this kind of trauma is associated not just
with the death of neurons in the brain but also with subsequent
degeneration of neurons in the gut (Cheng et al., 2016; Stanley
et al., 2016; Blanke et al., 2021) and with dysbiosis (Cryan et al.,
2019, 2020). Moreover, zebrafish genetically engineered to grow
to maturity without an enteric nervous system become more
susceptible to dysbiosis and gut inflammation (Rolig et al., 2017).
A transplant of a healthy enteric nervous system corrects this
situation, as does a simple probiotic (Rolig et al., 2017). That
a probiotic can be effective suggests that the enteric nervous
system is less important when the gut microbiota is healthy
than when it is not.

The enteric nervous system is part of the autonomous
nervous system along with the sympathetic nervous system,
which is involved in urgent actions and psychological stress,
and the parasympathetic nervous system, which is involved
in maintaining homeostasis and calming down stress. The
sympathetic and parasympathetic nervous systems connect the
enteric nervous system to the central one and enable two-way
signaling between them (Figure 7). A pair of parasympathetic
nerves, together referred to as the vagus nerve, is particularly
important (Bonaz et al., 2017). Gut microbes can affect the firing
of this nerve through their production and release of nutrients
like fatty acids and vitamins, neurotransmitters like serotonin
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FIGURE 7 | Two-way signaling between gut and brain can proceed via the
lymph, blood, and nervous systems. Icons adapted from the Noun Project:
Clockwise (brain), Tezar Tantular (heart), public domain (nerve), Bom Symbols
(intestine).

and dopamine, and various toxins (LeBlanc et al., 2017; Cryan
et al., 2019; Fülling et al., 2019). Changes in the composition of
the gut microbiota can also, via the vagus nerve, be relayed to
the brain by the host’s own enteric neurotransmitters, hormones,
and immune signaling molecules (Bonaz et al., 2017; Cryan et al.,
2019). Gut viruses and gut microbes that manage to slip or break
through protective barriers, or the toxins or other chemicals of
gut microbes that do so, can also physically travel up to the brain
via either the bloodstream, the lymph system, or the sympathetic
and parasympathetic nervous systems – including the vagus
nerve (Zhan et al., 2018; Cryan et al., 2019; Fülling et al., 2019;
Kowalski and Mulak, 2019; Huang et al., 2021; Figure 7). So, any
battle between mitochondria and microbiota in the gut can easily
have consequences as far away as in the brain.

Gut-Bacterial Amyloid Formation
Triggers Human Amyloid Formation
Beside their hosts, gut bacteria can produce amyloids too
(Friedland and Chapman, 2017; Tursi and Tükel, 2018; Van
Gerven et al., 2018; Vidakovic et al., 2018). Curli, for example,
is an amyloid produced by for example E. coli that binds these
bacteria together in a biofilm that helps protect them from
viruses and the host’s immune system (Friedland and Chapman,
2017; Fulop et al., 2018; Tursi and Tükel, 2018; Van Gerven
et al., 2018; D’Argenio and Sarnataro, 2019; Kowalski and Mulak,
2019; Miraglia and Colla, 2019; Huang et al., 2021; Miller et al.,
2021). The bacterial amyloids resemble those of the host and
can trigger the folding and clumping of the host’s amyloids.
One study compared aged rats of a kind that is particularly
susceptible to alpha-synuclein buildup and that were force-fed

either Curli-producing E. coli or nearly identical control E. coli
that were incapable of producing Curli. As predicted, those that
had received the Curli-producing E. coli via the mouth deposited
more alpha-synuclein in the brain, and showed more signs of
inflammation there, than those who had received the control
E. coli (see also Lundmark et al., 2005; Chen et al., 2016).
A polyphenol found in especially green tea blocks the formation
of Curli and biofilm by E. coli and reduces alpha-synuclein
aggregation and deposition in the striatum and midbrain of
E. coli-infected mice that had been genetically engineered to
overproduce human alpha-synuclein (Sampson et al., 2020).
Consumption of the polyphenol reduced both gastrointestinal
and motoric deficits.

After injecting bacterial amyloids into the wall of the stomach
of mice, aggregates of fluorescent mouse beta-amyloid were
found within hours in the enteric nervous system, within a
month elsewhere in the gut as well, and within a year in the
vagus nerve and brain, including the hippocampus (Sun et al.,
2020a). The spread of beta-amyloid from the stomach to the brain
subsequently compromised both spatial short-term, and spatial
long-term, memory (see also Choi et al., 2018; Sun et al., 2020a).

Broadly similar results were obtained when aggregates
of alpha-synuclein rather than beta-amyloid were orally
administered or injected into various locations in and around
the gut, with the alpha-synuclein affecting also specifically the
substantia nigra (see also Braak et al., 2003; Holmqvist et al.,
2014; Rietdijk et al., 2017; Barbut et al., 2019; Kim et al., 2019;
Lohmann et al., 2019; Van Den Berge et al., 2019). One study
investigated mice that had been engineered to overexpress
human alpha-synuclein and that, in addition, had been raised
germ free (Sampson et al., 2016; see also Sampson, 2020). Of
these mice, those given a (microbe rich) fecal transplant from
Parkinson’s patients, rather than healthy people, ended up with
more dysbiosis, intestinal problems, and Parkinsonian motor
deficits. Mice that did not overexpress human alpha-synuclein
were unaffected by a such a fecal transplant. And mice that
were not raised germ free benefited from antibiotic treatment.
In line with these findings, human Parkinson’s patients with
bacterial overgrowth in the small intestine show reduced
Parkinsonian symptoms after antibiotic treatment (Fasano et al.,
2013). Skepticism remains (Munoz-Pinto et al., 2021). Indeed,
live imaging of mitochondrial function and calcium levels in
neurons contained in small-intestine biopsies did not reveal any
difference between Parkinson’s patients and their unaffected
partners (Desmet et al., 2017). No differences with regard to
alpha-synuclein were found either. With only 15 couples as
participants, the study might have lacked sufficient power.
Several other studies, however, also failed to find a difference
between patients and controls in alpha-synuclein accumulation
in the gut (Munoz-Pinto et al., 2021).

Even in young, healthy people, potentially harmful aggregates
of alpha-synuclein are often found in the appendix (Killinger
et al., 2018) – a protrusion of the colon that first and foremost
serves as a safe house for beneficial bacteria (Bollinger et al.,
2007). When illness harms the gut microbiota, the bacteria from
the appendix can repopulate the gut and, if these bacteria are
beneficial, they can help restore the health of the gut microbiota
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(Bollinger et al., 2007). Still, because the appendix can also
harbor pathogens, its removal can sometimes have a positive
effect too. An epidemiological study involving more than 1.6
million participants – and thus definitely not underpowered –
showed, in fact, that removing the appendix diminishes the risk
of Parkinson’s decades later, especially in people from rural areas
who may have been more exposed than others to dysbiosis-
causing pesticides (Killinger et al., 2018). The procedure also
delayed Parkinson’s by up to several years among those who
eventually did develop the disease (Killinger et al., 2018).

Severing the vagus nerve, rather than removing the appendix,
can also hinder the propagation of alpha-synuclein from
the gut to the brain in mice (Kim et al., 2019) and
humans (Svensson et al., 2015) and improve a Parkinson’s-
like affliction and Parkinson’s itself in, respectively, animals
and humans (Borghammer, 2018; Liddle, 2018; Lionnet et al.,
2018; Fitzgerald et al., 2019; Kim et al., 2019; Munoz-
Pinto et al., 2021). This does not always happen, however,
and overall the evidence so far is still mixed (Borghammer,
2018; Lionnet et al., 2018). Removal of the vagus nerve,
of course, still leaves the bloodstream and lymph system
open to amyloids, pathogens, or their toxins, and this
could have confounded results. Indeed, in baboons, injected
alpha-synuclein has been found to be transported from
the gut to the brain and vice versa via the bloodstream
(Arotcarena et al., 2020).

The bloodstream is affected early on in both Alzheimer’s
(D’Andrea, 2016) and Parkinson’s (Berganzo et al., 2013;
Pierzchlińska et al., 2021), so much so in fact that it has been
argued that Alzheimer’s may be just as much a vascular disease
as a neurological one (D’Andrea, 2016; Fulop et al., 2018).
At least in Parkinson’s, however, the vascular problems are in
part related to a disturbance of circadian rhythms, with high
blood pressure being a problem particularly at night rather
than during the day (Berganzo et al., 2013). Circadian rhythms
are, in fact, disturbed in both Parkinson’s (Liu et al., 2021)
and Alzheimer’s (Uddin et al., 2020; Sharma et al., 2021), are
intertwined with cyclic changes in mitochondrial metabolism
(Kramer and Bressan, 2019; Aguilar-López et al., 2020), and
affect – and are affected by – the composition of the microbiota
(Aguilar-López et al., 2020; Bishehsari et al., 2020; Sen et al.,
2021). In sum, gut microbes need not necessarily leave the
gut to trigger amyloid deposition in the brain. Whether this
happens depends in part on mitochondrial metabolism and
circadian rhythms. And to close the circle, these circadian
rhythms are under the control of a central biological clock
that is located in the brain (Kramer and Bressan, 2019;
Aguilar-López et al., 2020).

CONCLUSION: NEURODEGENERATION
IS SYSTEMIC DEGENERATION

At first sight, Alzheimer’s and Parkinson’s seem quite distinct
diseases; they strike different areas of the brain in different ways
and produce different behavioral deficits. It has been shown,
for example, that experimentally inducing a specific dysfunction
within the mitochondria (involving inner-membrane Complex I)
of a specific kind of neuron (the type that uses dopamine as a
neurotransmitter) in a specific part of the brain (the substantia
nigra, and likely just the pars compacta part of it) is sufficient
to induce progressively worsening symptoms of Parkinson’s
disease that are not shared with Alzheimer’s disease (Gonzaìlez-
Rodriìguez et al., 2021). Yet in natural settings, outside the
lab, many patients suffer from a mix of the two diseases, with
similar mitochondrial dysfunction affecting multiple cell types;
with amyloid aggregates associated with either disease often
found in the other as well; with similar accompanying infections,
inflammation, and dysbiosis; and with similar effects of diet,
lifestyle, trauma, and exposure to toxicants. Naturally developing
Alzheimer’s and Parkinson’s may more accurately be described as
different manifestations of one and the same systemic problem
that involves not just certain areas of the brain, not just the
brain as whole, not just the body as a whole, but the entire
human superorganism, including even the non-human entities
that reside inside us (see also Kramer and Bressan, 2015).
Early players in neurodegeneration are deteriorating aerobic ex-
bacteria (mitochondria), located throughout our body and brain,
and thriving aerobic bacteria (unhealthy microbiota), located
mostly as far away from the brain as the gut. Despite the diversity
in neurodegenerative diseases, there is a common theme among
them: a synergy between mitochondria and microbiota early in
life is sooner or later disturbed and, late in life, turned into its
very opposite.
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