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Abstract 
Gut microbiota in interaction with intestinal host tissues influences many brain functions and microbial dysbiosis has been linked with 
brain disorders, such as neuropsychiatric conditions and Alzheimer’s disease (AD). l-tryptophan metabolites and short-chained fatty 
acids (SCFA) are major messengers in the microbiota-brain axis. Aryl hydrocarbon receptors (AhR) are main targets of tryptophan 
metabolites in brain microvessels which possess an enriched expression of AhR protein. The Ah receptor is an evolutionarily conserved, 
ligand-activated transcription factor which is not only a sensor of xenobiotic toxins but also a pleiotropic regulator of both develop-
mental processes and age-related tissue degeneration. Major microbiota-produced tryptophan metabolites involve indole derivatives, 
e.g., indole 3-pyruvic acid, indole 3-acetaldehyde, and indoxyl sulfate, whereas indoleamine and tryptophan 2,3-dioxygenases (IDO/
TDO) of intestine host cells activate the kynurenine (KYN) pathway generating KYN metabolites, many of which are activators of 
AhR signaling. Chronic kidney disease (CKD) increases the serum level of indoxyl sulfate which promotes AD pathogenesis, e.g., 
it disrupts integrity of blood–brain barrier (BBB) and impairs cognitive functions. Activation of AhR signaling disturbs vascular 
homeostasis in brain; (i) it controls blood flow via the renin-angiotensin system, (ii) it inactivates endothelial nitric oxide synthase 
(eNOS), thus impairing NO production and vasodilatation, and (iii) it induces oxidative stress, stimulates inflammation, promotes cel-
lular senescence, and enhances calcification of vascular walls. All these alterations are evident in cerebral amyloid angiopathy (CAA) 
in AD pathology. Moreover, AhR signaling can disturb circadian regulation and probably affect glymphatic flow. It seems plausible 
that dysbiosis of gut microbiota impairs the integrity of BBB via the activation of AhR signaling and thus aggravates AD pathology.

Key messages 
•	 Dysbiosis of gut microbiota is associated with dementia and Alzheimer’s disease.
•	 Tryptophan metabolites are major messengers from the gut host-microbiota to brain.
•	 Tryptophan metabolites activate aryl hydrocarbon receptor (AhR) signaling in brain.
•	 The expression of AhR protein is enriched in brain microvessels and blood-brain barrier.
•	 Tryptophan metabolites disturb brain vascular integrity via AhR signaling.
•	 Dysbiosis of gut microbiota promotes inflammation and AD pathology via AhR signaling.
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Introduction

The human microbiome has been commonly referred to as 
our second genome since it influences many functions of 
the host organism [1]. Microbiota involves a diversity of 

microorganisms, such as bacteria, e.g., Actinobacteria, Bac-
teroidetes, Firmicutes, Fusobacteria, and Proteobacteria, as 
well as fungi, archaea, and viruses, which colonize several 
loci of the body, e.g., gut, skin, mouth, and nares [1]. The 
gut houses the largest population of microorganisms which 
secrete a number of messenger molecules, such as l-trypto-
phan metabolites, short-chain fatty acids (SCFA), secondary 
bile acids, and peptidoglycan fragments [2]. Currently, there 
is compelling evidence that dysbiosis of the gut microbiota 
is involved in the pathogenesis of neurodegenerative dis-
eases, such as Alzheimer’s disease (AD) [3–5].
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Many tryptophan metabolites and SCFA produced by 
gut microbiota in a close interaction with intestine host 
cells activate aryl hydrocarbon receptor (AhR) [6–8]. The 
ligand-activated AhR transcription factor is not only an evo-
lutionarily conserved sensor of xenobiotic toxins but also 
a pleiotropic regulator of both developmental differentia-
tion and many age-related degenerative processes [9]. There 
are studies indicating that the expression of AhR protein 
was robustly increased in the post-mortem hippocampus of 
AD patients as compared to the level of cognitively healthy 
elderly people [10]. It is known that the expression of AhR 
protein is particularly abundant in vascular tissues and it has 
a crucial role in the vascular diseases [11]. Interestingly, the 
integrity of the blood–brain barrier (BBB) is impaired in AD 
patients and it seems that the disturbances in the BBB might 
enhance AD pathogenesis [12, 13]. First, I will review the 
evidences indicating that the gut host-microbiota/brain axis 
driven by tryptophan metabolites has an important role in 
AD pathogenesis. Next, I will examine in detail the role of 
AhR signaling activated by tryptophan metabolites in cer-
ebral vascular disturbances and the loss of BBB integrity.

Activation of AhR signaling

The AhR protein is an evolutionarily conserved member of an 
ancient basic helix-loop-helix/PER-ARNT-SIM (bHLH/PAS) 
family. The Ah receptor is a ligand-regulated transcription 
factor which evolved over 600 million years ago [14]. The 
Ah receptor is a major environmental sensor for a number 
of xenobiotic toxins, such as 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) and polycyclic aromatic hydrocarbon (PAH) 
compounds [15]. Moreover, there are several phytochemicals 
that can act as either agonists or antagonists for Ah receptor 
[16]. For example, chrysin, baicalein, and genistein are potent 
agonists for AhR signaling, whereas resveratrol, luteolin, 
and curcumin are effective antagonists. The Ah receptor also 
recognizes several naturally occurring endogenous ligands 
including many metabolites of l-tryptophan as well as some 
prostaglandins and modified low-density lipoproteins [15, 17]. 
The crucial tryptophan metabolites, especially those generated 
by microbiota, will be addressed below in a detailed manner. 
In the cytoplasm, the AhR protein exists in a complex with 
the chaperone proteins, i.e., HSP90, p23, and XAP2 [18]. 
After the binding of an agonist, Ah receptor is translocated 
into the nucleus where it forms a heterodimer with the AhR 
nuclear translocator (ARNT) protein, also a member of bHLH/
PAS family. The AhR/ARNT complex binds to the dioxin/
xenobiotic response element (DRE/XRE) in the promoter 
sequences of AhR-responsive genes [18]. There is also an 
endogenous inhibitor for AhR signaling, i.e., the AhR repressor 
(AhRR) protein, which does not contain the transactivation 
domain [19]. However, the expression level of AhRR protein 

is low in human brain (Human Protein Atlas). In addition, AhR 
protein can arrange DNA-binding complexes with RelB and 
E2F1 transcription factors [20, 21] but these complexes do not 
bind to the DRE sites and do not transactivate AhR-responsive 
genes. The activated Ah receptor can also stimulate a non-
genomic signaling by activating Src kinase which subsequently 
can trigger other signaling pathways, e.g., focal adhesion 
kinase (FAK) [22, 23].

AhR signaling has a significant role in the protection of 
organisms against environmental toxins, i.e., Ah receptor 
controls the detoxification of xenobiotic compounds [15]. 
In particular, AhR signaling has important functions in 
barrier organs, such as the gut, skin, and lungs [24]. For 
instance, Ah receptor regulates the immune homeostasis in 
the gut, and thus, it is important in defence against infections 
[24, 25]. Moreover, it maintains tolerance against harmless 
antigens, i.e., both dietary and microbiota-generated anti-
gens. Interestingly, AhR signaling displays evidence of a 
process called antagonistic pleiotropy which means that Ah 
receptor has an important role in embryogenesis but later 
in life it promotes age-related degenerative processes [9]. 
For instance, Ah receptor regulates the differentiation of 
embryonal stem cells [26]. AhR signaling also controls the 
proliferation and differentiation of hematopoietic stem cells 
and progenitor cells [27], and in this way, it maintains the 
homeostasis of the immune system, e.g., in chronic inflam-
matory conditions. AhR signaling is also able to enhance 
neurogenesis. Wei et al. [28] demonstrated that tryptophan 
metabolites originating from gut microbiota could stimu-
late neurogenesis in adult mouse hippocampus in an AhR-
dependent manner. On the other hand, there is substantial 
evidence that AhR signaling promotes many age-related 
degenerative processes [9]. For instance, it is known that 
AhR signaling inhibits autophagy [29, 30], enhances cellu-
lar senescence [30], evokes disturbances in the extracellular 
matrix [31], and can provoke vascular dystrophy [32]. These 
are all common hallmarks of the aging process. Recently, 
Ojo and Tischkau [33] reviewed the findings indicating the 
clear association of AhR signaling with many of the hall-
marks of aging in the brain and also in age-related brain 
diseases.

Microbiota gut‑brain axis in AD pathogenesis

There is substantial evidence that the microbiota of the gut 
has a crucial role in many functions of brain physiology and 
pathology [34]. Furthermore, there are bidirectional interac-
tions between the gut and the brain since the brain can control 
the metabolism of microbiota through the branches of the 
vagus nerve and the hypothalamus-pituitary-adrenocortical 
(HPA) axis [35, 36]. Moreover, it is recognized that the gut 
microbiota regulates the intestinal immunity, e.g., colonic 
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inflammation, thus affecting the function of the gut barrier 
and host immunity [37]. Given that tryptophan metabolites 
and SCFAs control the functions of Ah receptors (see below), 
it seems that AhR signaling has an important role in the com-
munication between the microbiome and brain metabolism 
and pathology [7, 8].

There is robust evidence that dysbiosis in the gut micro-
biota is associated with many common diseases, e.g., ath-
erosclerosis, diabetes, metabolic syndrome, inflammatory 
bowel disease, and central nervous system disorders [38]. In 
particular, gut microbial metabolites affect the homeostasis 
of the brain inducing neuropsychiatric disorders and pro-
moting neurodegenerative diseases, such as AD, multiple 
sclerosis, and Parkinson’s disease [39]. Recently, several 
review articles have examined in detail the experiments indi-
cating that the microbiota-induced neuroinflammation and 
neurodegeneration promote the pathogenesis of AD [3–5]. 
Wu et al. [40] demonstrated that there existed significant 
differences in gut microbial metabolites between the healthy 
controls and patients with either mild cognitive impairment 
(MCI) or AD. In particular, the tryptophan-derived metabo-
lites of serotonin pathway were at significantly lower level 
in the fecal samples of MCI and AD patients as compared 
to those of healthy controls. For instance, there were dif-
ferences in the amounts of indole derivatives, e.g., the level 
of indole-3-pyruvic acid (IPA), a potent activator of AhR 
signaling [41], was robustly upregulated, whereas those of 
5-hydroxyindole and indole 2-carboxylic acid were down-
regulated. Wu et al. [40] also revealed that an increased 
cognitive impairment positively correlated with reduced 
metabolites of serotonin pathway, whereas there was a nega-
tive correlation between the degree of cognitive impairment 
and the level of IPA. Several studies have revealed that the 
concentrations of tryptophan and serotonin are significantly 
reduced in the serum of AD patients [42, 43] which might 
indicate that there is increased tryptophan catabolism in 
the gut. Accordingly, Teruya et al. [44] revealed that the 
blood samples of dementia patients displayed a significant 
increase in the levels of kynurenine and indoxyl sulfate, 
both of which are activating ligands of Ah receptor. These 
studies are backed up by the reports of robust changes in 
the micro-organism profiles in gut samples of AD patients 
as compared to those of healthy controls [45].

Many investigators have attempted to modulate the compo-
sition of microbiota to clarify the role of the microbiome in the 
progression of AD pathology [3, 4, 46, 47]. Germ-free mice 
and fecal microbiota transplantation as well as treatments with 
antibiotics, prebiotics, and probiotics have been exploited to 
reveal how the microbiota alter cerebral functions, especially 
in promoting the pathology underpinning AD. For instance, 
Harach et al. [46] reported that the germ-free transgenic APP/
PS1 mice, i.e., animals without any gut microbiota, displayed a 
significantly reduced level of β-amyloid peptides and deposits 

in the brain as compared to the conventionally-raised APP/PS1 
transgenic mice. Accordingly, there was a clear decrease in the 
level of cortical neuroinflammation in the germ-free transgenic 
AD mice. Interestingly, Harach et al. [46] also demonstrated 
that the transplantation of fecal microbiota from the aged 
APP/PS1 mice to the adult germ-free AD mice considerably 
increased the accumulation of cerebral β-amyloid peptides in 
these recipient mice. Kim et al. [47] reported that the repeated 
transfer of a healthy gut microbiota from wild-type mice to 
the transgenic AD mice (ADLPAPT) significantly reduced both 
amyloid and tau pathology. This kind of fecal transplantation 
decreased the accumulation of β-amyloid deposits and tau 
protein tangles in the brain as well as improving the memory 
deficits of the ADLPAPT mice. Furthermore, the transfer of 
healthy microbiota into the transgenic AD mice ameliorated 
the intestinal and systemic inflammation and reduced their 
impaired gut permeability. Accordingly, Minter et al. [48] 
revealed that treatments with antibiotics strongly affected 
the composition of gut microbiota in the transgenic APPSWE/
PS1∆E9 mice. Surprisingly, antibiotic treatments reduced the 
deposition of β-amyloid plaques and gliosis in transgenic AD 
mice. These studies indicate that the presence of inflammatory 
gut microbiota seems to promote AD pathology, whereas the 
transplantation of a healthy microbiota ameliorates intestinal 
inflammation and consequently delays the progression of AD 
pathology. However, the results of animal studies need to be 
confirmed in clinical human trials.

Given that AD pathology and neuropsychiatric disorders 
are associated with dysbiosis in gut microbiota, treatments 
with different compositions of probiotics have been explored 
in therapeutic trials. There are several systematic reviews of 
these interventions in human patients [49, 50] as well as in 
experiments with AD mice [51]. Briefly, it has been com-
monly observed that probiotic treatments are able to improve 
cognitive functions in both MCI and AD patients. This might 
be attributed to a decrease in the level of inflammation in 
both the gut and the brain. Lactobacillus and Bifidobacteria 
have been the most frequently administered probiotic genera 
in the therapeutic interventions. However, there are consid-
erable differences between trials with respect to the com-
position of the probiotic supplementation as well as in the 
therapeutic outcome. Currently there is no consensus regard-
ing the formulation of bacteria, optimal doses, or treatment 
schedules to achieve an optimal response with probiotics for 
AD therapy. Moreover, the molecular mechanisms behind 
the therapeutic responses evoked by probiotics to AD brains 
need to be clarified. There is an increasing number of studies 
which have examined whether prebiotic compounds can pre-
vent or delay AD pathology [52, 53]. Prebiotics are dietary 
compounds which exert healthy responses in gut microbiota, 
e.g., nondigestible fibers are able to enhance the growth, 
survival, and activity of gut microbiota. There is clear epi-
demiological evidence that some diets are associated with 
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cognitive impairment, whereas other diets can improve cog-
nitive functions and memory [52]. For instance, it is known 
that the Mediterranean diet can reduce the age-related cog-
nitive decline and reduce the risk for AD pathology [52, 
54]. Given that the Mediterranean diet has a profound effect 
on the gut microbiota [55], it seems likely that its benefi-
cial effects on dementia and AD pathology are mediated by 
alterations in the gut microbiota.

Gut host‑microbiota, tryptophan 
metabolites, and activation of AhR signaling

The microbiota has a crucial role in the regulation of immune 
homeostasis not only in the intestine but also in the body via the 
circulation. There is clear evidence that the microbiota exploits 
tryptophan metabolites and SCFA for messenger functions and 
it seems that the Ah receptor is the major target of the tryptophan 
metabolites derived from intestinal microbiota [7, 56] (Fig. 1). In 
addition, it is known that SCFA stimulate the expression of AhR 
factors (see below). As discussed above, AhR signaling exerts 

beneficial and harmful properties, both during the developmen-
tal phase and later in life. Furthermore, as stated, its activation is 
associated with the development of many chronic diseases. For 
instance, AhR signaling is able to inhibit inflammatory condi-
tions by activating anti-inflammatory and immunosuppressive 
responses, thus maintaining intestinal host-microbiota homeo-
stasis. However, the presence of chronic inflammation in the gut 
stimulates the release of tryptophan metabolites and cytokines 
into the circulation inducing pathological alterations, e.g., in 
the brain and the kidney. Overall, the well-being of gut host-
microbiota is dependent on dietary components, either directly 
or through the microbiota-generated metabolites, thus having an 
impact on human health.

Gut host‑microbiota produces tryptophan 
metabolites associated with AD pathology

The majority of dietary l-tryptophan liberated in the intestine 
is transferred through the epithelium into circulation; about 
10–20% of l-tryptophan is metabolized by cells of the 
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Kynurenine
Kynurenic 
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Fig. 1   Gut host-microbiota-derived tryptophan metabolites activate 
AhR signaling in the brain via different pathways and induce patho-
logical changes observed in AD pathology. Microbial bacteria secrete 
indole molecules which via circulation can activate AhR signaling 
in the brain. Liver and kidney process the secreted indole molecules 
into uremic toxins, e.g., indole sulfate. Uremic toxins accumulate in 
the blood during chronic kidney disease. There is a close interplay 
between the microbiota and the host cells of the gastrointestinal tract, 
stimulating the generation of serotonin by enterochromaffin cells. 
Some microbes can convert tryptophan into tryptamine which acti-

vates AhR signaling. Gut host-microbiota interplay, e.g., in inflamma-
tion, activates the IDO1/TDO-induced KYN pathway which gener-
ates novel agonists for the Ah receptor. Subsequently, AhR signaling 
stimulates the expression of IDO1 enzyme inducing a positive feed-
back loop. Below, the pathological effects induced by AhR signaling 
are listed, many of which are also observed in AD pathology (see the 
text). Abbreviations: AD, Alzheimer’s disease; AhR, aryl hydrocar-
bon receptor; BBB, blood–brain barrier; IDO1, indoleamine 2,3-diox-
ygenase, KYN, kynurenine; TDO, tryptophan 2,3-dioxygenase
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intestinal epithelium and microbiota in gut lumen [6]. There 
are four major routes through which the gut host-microbiota 
can catabolize dietary l-tryptophan to active metabolites, i.e., 
(i) indole, (ii) kynurenine (KYN), (iii) serotonin, and (iv) 
tryptamine pathways [7, 37, 57, 58]. Several bacteria in gut 
microbiota, e.g., Lactobacillus ssp., Bifidobacterium spp., 
and Peptostreptococcus russellii, contain a tryptophanase 
enzyme, which can convert l-tryptophan into indole 3-pyruvic 
acid [7, 37]. This rate limiting compound can be processed 
to numerous indole derivatives in gut microbiota and also in 
human liver and kidney. For instance, indole 3-acetaldehyde, 
indole 3-acetic acid, 3-methylindole, and indole 3-aldehyde 
are important down-stream derivatives [7] (Fig. 2). Indole 
3-pyruvic acid can also be deaminated into indole 3-propionic 
acid which is claimed to be a neuroprotectant [59]. Hendrikx 
and Schnabl [60] have described in detail the indole chemical 
pathways in intestinal bacteria. In fact, indole is an important 
intercellular messenger in the communication between 
bacterial species [61]. However, many indole molecules are 
potent activators of AhR signaling (Fig. 2) which can exert 
many harmful effects on human health [37]. For instance, 
the microbiota-generated indole molecules can be converted 
in human liver into indoxyl sulfate which exerts detrimental 

effects especially on vascular homeostasis and AD pathology 
(Fig. 1). The role of indoxyl sulfate in AD pathology has 
been addressed below in the Section on Indoxyl sulfate and 
AD pathology.

The 6-formylindolo[3,2-b]carbazole (FICZ) is another 
interesting indole derivative of l-tryptophan [62, 63]. There 
exist several pathways which process l-tryptophan to FICZ, 
either non-enzymatic oxidative pathways driven by UVB 
and H2O2 or enzymatic pathways from indole 3-pyruvic acid 
or indole 3-acetaldehyde [62, 64]. FICZ is a strong inducer 
of AhR signaling in the gut generated by both microbiota 
and the intestinal host tissues [63]. FICZ is catabolized by 
CYP1A1/1A2 and CYP1B1, transcriptional targets of AhR 
signaling [65, 66]. This generates an interesting autoregu-
latory feedback loop where the activity of CYP enzymes 
controls the level of FICZ and thus the activation of AhR 
signaling [62, 66]. FICZ has a number of physiological 
functions in the differentiation of stem cells and immune 
cells, e.g., in gut immunity [62, 63]. FICZ can also improve 
mouse hippocampal neurogenesis as well as memory and 
learning properties [67]. Given that AhR signaling exhibits 
clear evidence for antagonistic pleiotropy [9], the FICZ-
induced AhR signaling also stimulates oxidative stress and 

Fig. 2   AhR agonists gener-
ated via different tryptophan 
metabolic pathways. The AhR-
activating metabolites produced 
by the kynurenine, indole, 
serotonin, and tryptamine path-
ways have been compiled. The 
pathological responses which 
also exist in AD pathology 
are displayed underneath. The 
detailed reactions have been 
explained in the text
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pro-inflammatory responses [68]. Moreover, there are indi-
cations that FICZ is involved in the photoaging process of 
the skin [69, 70].

There is a close interplay between the host’s intestinal 
cells and the microbiota in the gastrointestinal tract in the 
maintenance of intestine homeostasis [6, 37]. In the cells lining 
the intestinal wall, indoleamine 2,3-dioxygenase 1 (IDO1) and 
tryptophan 2,3-dioxygenase (TDO) catabolize l-tryptophan 
first into KYN and consequently into several other metabolites, 
e.g., kynurenic acid (KYNA), 3-hydroxykynurenine (3-HK), 
cinnabarinic acid (CIN), quinolinic acid (QUIN), and picolinic 
acid (PIC) [57, 71]. It is known that the metabolites of the 
KYN pathway can trigger either neurotoxic or neuroprotective 
effects. For instance, 3-HK and QUIN are neurotoxic 
metabolites, whereas KYNA and PIC are neuroprotective 
[72, 73]. Accordingly, some of the metabolites enhance 
inflammatory responses, while some are anti-inflammatory 
and immunosuppressive. For instance, KYN and KYNA 
stimulate AhR signaling and subsequently they enhance anti-
inflammatory/immunosuppressive responses [74, 75]. On 
the contrary, 3-HK and QUIN are agonists for N-methyl-d-
aspartate (NMDA) receptors and they can trigger excitotoxic 
and inflammatory responses which are evident in many 
neurodegenerative diseases [74, 75]. Moreover, the presence of 
inflammatory cytokines can stimulate the expression of IDO1 
and thus enhance the activity of the KYN pathway [76] and 
subsequently stimulate AhR signaling There is clear evidence 
that the aging process is associated with an increase in the 
catabolism of tryptophan and the activation of KYN signaling, 
e.g., in rat brain [77, 78]. Accordingly, several studies on AD 
pathology have revealed that the catabolism of tryptophan is 
elevated, and consequently, the levels of KYN and QUIN are 
increased in plasma and cerebrospinal fluid (CSF) [42, 79].

The gut enterochromaffin cells can convert dietary 
l-tryptophan into serotonin [7, 57]. However, it seems that 
gut microbiota can regulate both the synthesis and release 
of serotonin from gut enterochromaffin cells [80, 81]. For 
instance, Reigstad et  al. [80] demonstrated that SCFAs 
produced by microbiota promoted serotonin production 
in human enterochromaffin cells. Tryptophan hydroxy-
lase 1 (TPH1), the rate-limiting enzyme in the synthesis of 
serotonin, catabolizes the conversion of l-tryptophan into 
5-hydroxytryptophan which subsequently is decarboxylated 
into 5-hydroxytryptamine (5-HT), i.e., serotonin. Conse-
quently, 5-HT can be converted into melatonin which con-
trols many properties of intestinal microbiota, e.g., oxidative 
stress and inflammation [82]. 5-HT can also be metabolized 
into 5-hydroxyindole acetic acid (5-HIAA) [7]. Both 5-HT 
and 5-HIAA are agonists for AhR signaling (Fig. 2). Gut 
host-microbiota has a crucial role in the total biosynthe-
sis of serotonin since over 90% of the serotonin present 
in the body is synthetized in the gut [81]. Spore-forming 

bacteria, e.g., Clostridium ramosum, are major enhancers 
of serotonin production in enterochromaffin cells [83]. It is 
known that serotonin can attenuate the severity of inflam-
mation and allergic diseases in the intestine. Serotonin also 
regulates gastrointestinal motility and platelet function in 
mice [81]. In the brain, the TPH2 isoform is the dominant 
enzyme in the synthesis of serotonin. Currently, it is not 
known whether serotonin generated by the gut can directly 
affect the serotonergic transmission in the brain since the 
BBB is impermeable to biogenic amines [84]. Interestingly, 
there is abundant evidence that serotonin can regulate the 
function of immune cells and thus control inflammation 
and immunity [85]. There is clear evidence that the serum 
levels of serotonin decline significantly in patients with AD 
[43]. This might indicate that serotonin production in the 
gut is reduced in AD patients. It is known that there exists a 
regulatory co-operation between the serotonin, kynurenine, 
and indole pathways [86]. However, it is not known whether 
changes in the bacterial composition of microbiota in AD 
patients are able to modulate the generation of different 
types of tryptophan metabolites.

The tryptamine pathway is the fourth route to metabolize 
dietary l-tryptophan exploited by gut microbiota [37, 87]. 
Some commensal bacteria, e.g., Ruminococcus gnavus and 
Clostridium sporogenes, possess a tryptophan decarboxylase 
enzyme which catabolize dietary l-tryptophan into 
tryptamine and subsequently tryptamine can be converted 
to 2-dimethyltryptamine. Monoamine oxidases A and B can 
metabolize tryptamine to indole 3-acetaldehyde (Fig. 2). In 
contrast to serotonin, tryptamine and 2-dimethyltryptamine 
are able to penetrate through the BBB and thus affect 
cerebral functions. Tryptamine exerts many functions in the 
maintenance of gut homeostasis, e.g., it regulates serotonin 
metabolism and immune functions. However, tryptamine 
and 2-dimethyltryptamine are hallucinogenic compounds 
[87] and these tryptophan metabolites have been implicated 
in various neuropsychiatric disorders [88]. Paley et  al. 
[89] demonstrated that tryptamine inhibited tryptophanyl-
tRNA synthetase (TrpRS) which is known to accumulate 
into senile plaques in the brains of AD patients. They 
reported that tryptamine exposure, both in human cell lines 
and mouse models, induced a type of neurodegeneration 
involving the formation of neurofibrillary tangles. Given 
that tryptamine is a potent agonist of the Ah receptor 
(Fig. 2), Dopkins et al. [90] reported that mice administered 
tryptamine displayed ameliorated symptoms of experimental 
autoimmune encephalomyelitis (EAE) through the activation 
of AhR signaling. For instance, tryptamine exposure 
increased the number of immunosuppressive FoxP3-positive 
Tregs in mouse EAE brain. This implies that tryptamine 
generation was able to inhibit inflammatory responses via 
AhR signaling.
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Tryptophan metabolites are activators 
of AhR signaling

Originally, it was thought that the Ah receptor is a chemi-
cal sensor against environmental contaminants, such as 
toxic TCDD and PAH compounds, inducing their detoxi-
fication [15, 18]. Subsequently, it was observed that not 
only xenobiotic chemicals but also many products of the 
gut microbiota were agonists for Ah receptor. In particular, 
tryptophan metabolites are well-known inducers of AhR 
signaling [56]. Tryptophan metabolites are not only crucial 
regulators of intestinal homeostasis and mucosal immunity 
but due to their presence in the circulation, they can regu-
late the functions of vascular system and peripheral tissues, 
such as the brain. It is known that the bacterial composition 
has a crucial role in the generation of different tryptophan 
metabolites in the gut. For instance, Hubbart et al. [91] have 
described the molecular structures and the synthesis routes 
of microbial indole derivatives. Moreover, kidney and liver 
can convert the indole molecules delivered by circulation 
into indoxyl sulfate and some other indole derivatives [91]. 
Several investigators have compared the potency of differ-
ent indole derivatives to act as agonists of the Ah receptor 
in isolated AhR preparations and in various cell types [56, 
92, 93]. Most of the indole derivatives are agonists for the 
Ah receptor although their affinity, potency, and efficacy 
in the AhR-CYP1A1 pathway vary extensively [93]. How-
ever, indole derivatives are clearly less potent agonists than 
environmental chemicals, such as TCDD and PAH. Indole, 
3-methylindole, indole 3-pyruvate, and indole 3-acetamide 
were the most potent indoles to elicit nuclear translocation 
of AhR protein and the binding of the AhR complex to the 
promoter of CYP1A1 gene in human intestinal LS180 and 
HT-29 carcinoma cells [93]. Indole derivatives induced sim-
ilar responses in primary human hepatocytes. Interestingly, 
Jin et al. [94] demonstrated that indoxyl sulfate, an indole 
derivative produced by kidney and liver, was clearly a more 
potent inducer of AhR signaling than the indole molecule 
itself in the AhR-mediated induction of CYP1A1 expression 
in human CaCo-2 cells. This may explain why indoxyl sul-
fate has many toxic effects related to Alzheimer’s pathology 
(see below). The major indole molecules characterized as 
agonists for the Ah receptor have been listed in Fig. 2.

There is a close cooperation between the indole and 
kynurenine pathways in the control of immunity and homeo-
stasis in the gut. For instance, the indole derivatives released 
from microbiota can stimulate AhR signaling in the host 
cells of gastrointestinal tract, known to be enriched of AhR 
proteins (Human Protein Atlas). It is known that AhR sign-
aling stimulates the transcription of the IDO1 gene [95]. 
Subsequently, the IDO1 enzyme activates the KYN path-
way which generates a number of KYN metabolites (see 

above). These derivatives can be released into the intestinal 
lumen and the circulation. Interestingly, Mezrich et al. [75] 
demonstrated that KYN but not 3-HK or QUIN were able to 
activate AhR signaling in mouse CD4T, DC, and hepatoma 
cells. They also revealed that KYN/AhR signaling stimu-
lated the differentiation of immunosuppressive regulatory T 
cells (Treg) which have an important role in the suppression 
of inflammatory responses, in the gut as well as in other 
parts of the body. DiNatale et al. [74] reported that KYNA 
also stimulated AhR signaling in mouse HepG2 and human 
primary hepatocytes. Subsequently, it has been observed 
that cinnabarinic acid and xanthurenic acid, two downstream 
metabolites of the KYN pathway, are also potent agonists 
for AhR signaling [7] (Fig. 2). The AhR-IDO1-KYN-AhR 
pathway establishes an interesting feedback loop which can 
be enhanced by the indoles generated by microbiota. Inter-
estingly, the tryptophan metabolites of the serotonin and 
tryptamine pathways can also stimulate AhR signaling [92, 
94, 96]. It seems that tryptophan metabolism activated in gut 
host-microbiota is an effective endogenous source of AhR 
agonists which are potent immunomodulators, both in the 
gut and elsewhere in the body.

Gut inflammation enhances production 
of kynurenine and its metabolites

The activation of KYN pathway is a common hallmark of 
chronic inflammatory conditions in many gastrointestinal dis-
eases, e.g., in inflammatory bowel disease (IBD) and ulcera-
tive colitis [97, 98]. IDO1 is a rate-limiting enzyme for the 
KYN pathway and it is abundantly expressed in the gastro-
intestinal tract (Human Protein Atlas). A significant increase 
in serum levels of KYN/KYNA has been observed in IBD 
[99], Crohn’s disease [100], and ulcerative colitis [98]. Con-
currently, there were an elevation of IDO1 activity in human 
colonic mucosa. It is known that many pro-inflammatory 
cytokines stimulate the expression of IDO1 through the 
activation of NF-κB and JAK-STAT3 signaling [101]. For 
example, some inflammatory gut diseases are associated with 
an increase in the serum levels of many pro-inflammatory 
cytokines which can act in remote tissues, such as in the 
brain and kidney. However, the metabolites of KYN pathway 
can exert both beneficial and detrimental effects on vascular 
endothelium and target tissues. It is known that KYN can eas-
ily penetrate through the BBB and gain access into the brain 
[102]. Many epidemiological studies have revealed that IBD 
is associated with a higher dementia risk [103] as well as a 
risk for AD and other neurodegenerative diseases [104, 105]. 
Owe-Young et al. [106] demonstrated that endothelial cells 
and pericytes, cells of the BBB, contained the enzymes which 
are able to process KYN into neurotoxic compounds, such as 
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QUIN and 3-HK. Interestingly, Zhang et al. [107] demon-
strated that KYN treatment of mouse primary astrocytes, also 
a partner cell in the BBB, robustly upregulated the expres-
sion of Nod-like receptor protein 2 (NLRP2). The activation 
of NLRP2 inflammasomes stimulated the secretion of IL-1β 
and IL-18. Zhang et al. [107] also reported that an intraperi-
toneal injection of KYN stimulated astrocytic NLRP2 inflam-
masomes in mouse hippocampus, inducing a depression-like 
behavior. The depletion of astrocytic NLRP2 abolished these 
depressive symptoms. These results indicate that KYN can 
penetrate through the BBB and trigger neuroinflammation. 
The potential role of microbiota-derived KYN and its metabo-
lites in the regulation of brain physiology and pathology has 
been recently reviewed in detail elsewhere [108].

Indoxyl sulfate and AD pathology

Indole molecules secreted from the gut can be metabolized 
in the liver to indoxyl sulfate (Fig. 1). The hepatic microso-
mal enzyme CYP2E1 hydroxylates indole into indoxyl mol-
ecule which is subsequently converted into indoxyl sulfate 
by the sulfotransferase SULT1A1 [109, 110]. The clearance 
of indoxyl sulfate from the circulation through the kidney 
was clearly reduced in chronic kidney disease (CKD) leading 
to an accumulation of indoxyl sulfate in the blood, i.e., it is a 
uremic toxin [111, 112]. Indole 3-acetic acid and 2-oxindole 
are also uremic toxins because their levels in serum were 
significantly increased in CKD [113, 114]. Interestingly, 
indoxyl sulfate was clearly a more potent agonist molecule 
than indole itself, i.e., its hydroxylation/sulfation robustly 
increased its activity as an AhR agonist in human CaCo-2 
intestinal cells [94]. Walker et al. [115] demonstrated that 
an experimental increase in indoxyl sulfate in the blood of 
transgenic DRE-LacZ mice significantly stimulated AhR 
signaling in kidney, liver, heart, and the microvasculature 
of the cerebral cortex. They also revealed that the AhR activ-
ity of these tissues was significantly increased in the mouse 
models of CKD and acute kidney injury (AKI). Histochemi-
cal assays revealed that an increase in the serum level of 
indoxyl sulfate stimulated AhR signaling in vascular tissues 
as well as in hepatocytes and cardiac myocytes. This indi-
cates that indoxyl sulfate is able to stimulate the expression 
of AhR protein not only in blood vessels but also in the cells 
of many organs. It is commonly believed that indole mole-
cules secreted from the gut are only metabolized into indoxyl 
sulfate in the liver because the expression of CYP2E1 pro-
tein is enriched in the liver (Human Protein Atlas). How-
ever, there are studies indicating that CYP2E1 enzyme is 
expressed throughout the human gastrointestinal tract [116]. 
Moreover, sulfotransferases, including SULT1A1, are highly 
expressed in all parts of human gastrointestinal tract, at 
an even higher level than in the liver [117]. In the colon, 

SULT1A1 protein was expressed in mature enterocytes and 
endothelial cells. It is most probable that indole molecules 
can be converted into toxic indoxyl sulfate already in the gut 
from where they will be secreted into the circulation.

There are studies indicating that the serum level of 
indoxyl sulfate is significantly increased in neuropsychi-
atric disorders [118] and dementia [44]. Moreover, it is 
known that AD pathology is associated with CKD in humans 
[119] and in transgenic AD mice [120]. Many studies have 
revealed that dysbiosis of gut microbiota enhances the 
pathogenesis of CKD [112, 121]. It seems that an increase in 
the serum level of indoxyl sulfate in CKD (see above) could 
enhance the pathogenesis of AD. It is known that indoxyl 
sulfate can disrupt the integrity of BBB via the activation 
of AhR signaling in experimental CKD models of rats and 
mice and subsequently induce cognitive impairment [122].

It is known that indoxyl sulfate can trigger several toxic 
effects, especially on the vascular tissues. Indoxyl sulfate 
is transported into cells via the organic anion transporters 
(OAT) [123], e.g., OAT3 is extensively expressed in the 
BBB [124]. There is convincing evidence that an increase 
in the level of serum indoxyl sulfate can induce vascular 
calcification and promote endothelial senescence [125, 
126]. Indoxyl sulfate is able to disturb the functions of 
endothelium in several ways, e.g., (i) it increases vascular 
permeability [127], (ii) it impairs endothelium-dependent 
vasorelaxation [128], (iii) it inhibits nitric oxide (NO) pro-
duction and impairs vasodilation [129], (iv) it stimulates 
leukocyte adhesion to endothelial cells [130], (v) it activates 
the expression of tissue factor inducing platelet activation 
and thrombosis [131], (vi) it suppresses the angiogenesis 
mediated by endothelial progenitor cells [132], and (vii) 
it induces cellular senescence of endothelial cells [125]. 
Moreover, indoxyl sulfate has been demonstrated to pro-
mote the proliferation of vascular smooth muscle cells [133] 
and induce vascular inflammation [134]. Indoxyl sulfate 
also affects hemodynamics, e.g., an intravenous injection of 
indoxyl sulfate increased both heart rate and arterial blood 
pressure in rats [135]. There are reports indicating that 
indoxyl sulfate was able to stimulate the renin-angiotensin 
system, e.g., it activated the renin–angiotensin–aldosterone 
system in mouse kidney inducing kidney fibrosis [136]. 
Sun et al. [137] demonstrated that chronic intraperitoneal 
administration of indoxyl sulfate into mice increased its 
level in blood, prefrontal cortex, and cerebrospinal fluid 
(CSF). Indoxyl sulfate treatment decreased some param-
eters of neuronal survival, e.g., the levels of neurotrophins, 
whereas it increased oxidative stress, and induced neu-
roinflammation. These are also common markers of AD 
pathology. Interestingly, it seems that the harmful effects 
of indoxyl sulfate on the vascular system and tissue homeo-
stasis are caused by the activation of AhR signaling (see 
details below).
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Short‑chain fatty acids (SCFA) enhance  
AhR signaling

The gut microbiota generates several SCFA, especially 
acetate, butyrate, and propionate, which have some ben-
eficial effects on gastrointestinal health but they can affect 
via circulation the functions of the brain and other tissues 
[138]. Commonly, SCFA activate the free fatty acid recep-
tors 2/3 (FFAR2/3), present also in the human BBB [139, 
140]. However, there is convincing evidence that SCFA can 
activate AhR signaling without the activation of FFAR2/3 
signaling. It is known that SCFA, especially butyrate, are 
inhibitors of histone deacetylases (HDACs) which are potent 
regulators of gene expression. Garrison and Denison [141] 
reported that butyrate strongly increased (by eightfold) 
the activity of the AhR promoter in mouse Hepa-1 cells. 
Recently, Modoux et al. [142] demonstrated that butyrate 
treatment robustly increased the activity of AhR signaling 
in human HepG2 cells. They also revealed that butyrate 
treatment clearly enhanced the activation of AhR signaling 
induced by the FICZ ligand, a tryptophan metabolite (see 
above). Modoux et al. [142] also reported that butyrate and 
other SCFA were not ligands for the Ah receptor, i.e., these 
compounds did not bind to the AhR protein. This means 
that SCFA activated AhR signaling through the inhibition 
of HDACs, thus transactivating the AhR gene. Korecka et al. 
[143] demonstrated that SCFA exposure increased AhR 
signaling and its target gene expression in mouse intestine 
and liver. Accordingly, they revealed that AhR signaling 
was able to control the composition of the microbiota in 
mouse intestine. Jin et al. [144] demonstrated that SCFA 
enhanced histone acetylation which increased the recruit-
ment of the Ah receptor to the promoter of the CYP1A1 
gene in mouse and human colonic cell lines. These stud-
ies indicated that the microbiota-derived SCFA are able to 
stimulate histone acetylation which leads to an opening of 
the DNA-binding sites for the ligand-activated Ah receptors 
inducing the transactivation of target genes. This strongly 
augments the capability of tryptophan metabolites to induce 
AhR-dependent responses.

Currently, there are inconsistent results on the role of 
SCFA in AD pathogenesis. It is known that many SCFA, 
especially butyrate, are strongly anti-inflammatory in rat pri-
mary microglia and hippocampal slice cultures [145]. Jiang 
et al. [146] reported that administration of sodium butyrate 
relieved neuroinflammation in transgenic 5xFAD mice and 
ameliorated many markers of AD pathology. In addition, 
Fernando et al. [147] revealed that chronic administration 
of sodium butyrate at an early stage of AD reduced the 
deposition of β-amyloid and improved cognitive memory in 
5xFAD mice. On the other hand, exploiting germ-free tech-
nology and SCFA supplementation in transgenic AD mice, 

Colombo et al. [148] convincingly demonstrated that the 
microbiota-derived SCFA promoted AD pathology, e.g., by 
increasing the activation of microglia and β-amyloid deposi-
tion. Moreover, Marizzoni et al. [149] reported results indi-
cating that the levels of serum SCFA, especially acetate and 
valerate but not propionate, as well as some cytokines, e.g., 
IL-1β, correlated with the markers of endothelial dysfunc-
tion and the β-amyloid load in AD patients. These results 
emphasize the role of endothelial dysfunction in the amyloid 
pathology induced by SCFA and inflammatory cytokines.

Impact of gut‑derived AhR agonists in AD 
pathogenesis

There is an extensive literature indicating that a disruption 
of the BBB has a crucial role in the development of AD, 
possibly even driving AD pathogenesis. Cerebral amyloid 
angiopathy (CAA) is a hallmark of AD pathology indicat-
ing that vascular dysfunction has an important role in the 
pathogenesis of AD. Interestingly, the expression of AhR 
protein is robustly enriched in the BBB, suggesting that tryp-
tophan metabolites can affect the function of microvessels, 
especially that of the BBB (see below). AhR signaling can 
trigger many harmful effects which means that AhR ago-
nists derived from gut host-microbiota can disturb microves-
sels, thus leading to a loss of BBB integrity. For instance, 
AhR signaling is able to induce hypoperfusion in local 
brain regions via stimulating the renin-angiotensin system 
or inhibiting NO production (see below). Hypoperfusion 
leads to many detrimental secondary injuries enhancing AD 
pathogenesis. AhR signaling also disturbs the regulation of 
circadian rhythms in the brain increasing BBB permeability 
and probably impairing glymphatic functions.

Expression of AhR factor is enriched 
in the BBB and regulates its integrity

The BBB consists of the endothelial cells around the 
capillary lumen, pericytes embedded in the basement 
membrane, and astrocytes supporting the capillary with 
end-feet [150]. Endothelial cells are attached to each other 
with tight and adherens junctions in cerebral microves-
sels. The BBB is selectively permeable preventing com-
pounds circulating in the bloodstream from passing to the 
extracellular space of the brain. There are two mechanisms 
through which compounds can pass through the BBB, i.e., 
passive diffusion of small non-polar molecules and active 
transport for certain compounds via different mechanisms. 
Cerebral blood flow (CBF) is controlled by the neurovas-
cular unit composed of endothelium, astrocytes, pericytes, 
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and vascular smooth muscle cells, a process called neu-
rovascular coupling [151]. Interestingly, the expression 
of the Ah receptors is highly enriched in the cells of the 
BBB [152–155]. Given that AhR protein is abundantly 
expressed in many barrier organs [24], it seems that Ah 
receptor also possesses an important role as an environ-
mental sensor in the BBB. For example, the activation of 
AhR signaling with TCDD strongly increased the expres-
sion of AhR-target genes, i.e., CYP1A1 and CYP1B1 in 
mouse endothelial cells and astrocytes [152] as well as 
P-glycoprotein, an ATP-driven transporter, in the BBB 
[153]. There is convincing evidence that disturbances in 
the integrity of the BBB promote AD pathogenesis [12, 
13] and inducing cognitive impairment [156]. Currently, 
the mechanisms causing a loss of BBB integrity in AD 
pathogenesis need to be clarified.

There are several studies indicating that a loss of BBB 
integrity is induced by an activation of AhR signaling. For 
instance, Bobot et al. [122] demonstrated that the overload 
of indoxyl sulfate in the bloodstream induced by a defi-
cient function of mouse kidney (induced by either feed-
ing an adenine-rich diet or partial nephrectomy) robustly 
activated AhR signaling which increased the permeability 
of BBB and evoked cognitive impairment. They also con-
firmed these results by demonstrating that the administra-
tion of indoxyl sulfate in drinking water was also able to 
induce BBB disruption along with signs of a cognitive 
impairment. Indoxyl sulfate exposure in AhR knockout 
mice did not increase BBB permeability or cause any cog-
nitive impairment indicating that the activation of AhR 
signaling disturbed the integrity of the BBB. Ren et al. 
[155] revealed that the hyperglycemia-induced mouse 
intracerebral hemorrhage (ICH) significantly increased 
the expression of AhR protein in the BBB. AhR signaling 
augmented the expression of thrombospondin-1, TGF-β, 
and VEGF, whereas those of ZO-1 and claudin-5, com-
mon proteins of tight junctions, significantly decreased. 
Hyperglycemic-ICH increased BBB disruption and hema-
toma expansion. In contrast, the knockout of AhR factor 
in vivo with the CRISPR technique reduced the expression 
of Ah receptor, ameliorated BBB disruption, and improved 
neurobehavioral functions. Moreover, Maciel et al. [157] 
demonstrated that the treatment of human endothelial 
cells (EA.hy926) with indoxyl sulfate clearly decreased 
the expression of VE-cadherin protein, a tight junction 
protein, and reduced the cell-to-cell junctions of human 
endothelial cells. It is known that the expression of clau-
din-5 is significantly down-regulated in the frontal cortex 
of patients with Alzheimer’s disease and vascular demen-
tia [158]. The mechanism underpinning the AhR-mediated 
loss of tight junctions in the BBB still needs to be clari-
fied. Chang et al. [159] demonstrated that the activation 
of AhR/RhoA signaling elicited a degradation of β-catenin 

protein in mouse cerebral endothelial cell cultures. The 
down-regulation of β-catenin protein was induced by its 
phosphorylation through PKCδ and GSK3β. Interestingly, 
they revealed that treatment of mice with simvastatin and 
pravastatin inhibited the degradation of β-catenin by inhib-
iting RhoA, and consequently, these treatments prevented 
the AhR-mediated disruption of brain vascular integrity. 
These are only some examples and currently it is known 
whether AhR signaling has other mechanisms through 
which it can affect the integrity of brain microvessels.

AhR signaling controls blood flow in brain 
via renin‑angiotensin system

Many neuroimaging studies on AD patients have revealed 
that cerebral blood flow (CBF) is clearly reduced in the 
regions which are vulnerable to AD pathology [160, 161]. 
Chronic hypertension causes vascular injuries which might 
induce a local hypoperfusion and lead to AD pathology. 
There is convincing evidence that changes in AhR signal-
ing are associated with an increase in systemic arterial 
hypertension [162, 163]. Interestingly, there are studies 
indicating that dysbiosis of gut microbiota can increase 
the arterial blood pressure [164]. Currently, it is known 
that several mechanisms regulate the AhR-driven hemo-
dynamics both at the systemic level and in the brain (see 
below). The renin-angiotensin system (RAS) has a crucial 
role in the control of local and systemic blood pressure 
[165]. It is known that dysbiosis of microbiota affects the 
function of RAS at both at the systemic and local levels 
[166]. In the brain, there exists a local RAS, distinct from 
the systemic endocrine renin–angiotensin–aldosterone 
system (RAAS) [167]. This brain-specific RAS has an 
important role in the control of brain hemodynamics as 
it is able to induce either vascular constriction or dila-
tation. It has been shown that all of the components of 
the RAS are expressed in the brain, although renin, nor-
mally released from liver, might be produced by a prorenin 
(PR)/prorenin receptor (PRR) interaction in brain [167]. 
Yisireyili et al. [133] demonstrated that indoxyl sulfate 
induced the expression of PR and PRR proteins in rat aorta 
and human aortic smooth muscle. They also reported that 
the increased expression was dependent on ROS, OAT3, 
Ah receptor, and the AhR-mediated activation of NF-κB 
signaling, i.e., the RAS system was being driven by AhR 
signaling in brain microvessels.

The renin/PR proteins convert the angiotensinogen 
protein into angiotensin I (Ang I) which is subsequently 
cleaved into angiotensin II (Ang II) by angiotensin convert-
ing enzyme (ACE). Exposure to indoxyl sulfate signifi-
cantly increased the expression of angiotensinogen protein 
in human proximal tubular cells (HK-2) and rat renal cortex, 
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thus leading to RAS activation and the generation of Ang II 
peptides [168]. In the brain, Ang II increases the production 
of vasopressin and induces vasoconstriction by activating 
the angiotensin II type 1 receptor (AT1R) [169–171]. Zhang 
et al. [172] demonstrated in mice that an infusion of Ang II 
for two weeks induced cerebral microvascular inflammation 
and increased the permeability of mouse BBB. The Ang 
II-mediated hypertension promoted ROS production and 
enhanced leukocyte adhesion to the brain vasculature. Vital 
et al. [170] reported that AT1R was responsible to the Ang 
II-induced vascular adhesion of leukocytes and platelets as 
well as the increased permeability of the BBB. Interestingly, 
Agbor et al. [173] revealed that the knockout of endothelial 
cell-specific AhR in mice displayed a hypotensive phenotype 
and the responsiveness of these mice to Ang II treatment was 
clearly declined. They also reported that the expression of 
AT1R protein in the aorta was significantly reduced in the 
knockout mice indicating that AhR signaling might control 
the expression level of the AT1R protein. There are studies 
indicating that certain AhR agonists, such as indoxyl sul-
fate and hexachlorobenzene (HCB) induce hypertension and 
vascular dysfunctions in mice [135, 174]. Sun et al. [136] 
demonstrated that exposure to indoxyl sulfate activated the 
intrarenal RAAS involving an increase in the expression of 
renin, angiotensinogen, and AT1R proteins. They revealed 
that the indoxyl sulfate-stimulated RAAS was mediated 
by an activation of TGF-β signaling. Ongali et al. [175] 
reported that in mouse brain, the overexpression of TGF-β 
signaling induced cerebrovascular dysfunctions and astro-
gliosis through the activation of AT1R signaling. Moreover, 
Wyss-Coray et al. [176] demonstrated that overproduction 
of TGF-β factor promoted a microvascular degeneration 
reminiscent of AD pathology. It is known that there is a 
complex, context-dependent regulation between AhR and 
TGF-β signaling pathways. For instance, Ren et al. [155] 
revealed that the AhR signaling induced by hyperglycemia 
in mice stimulated the thrombospondin/TGF-β pathway and 
impaired the function of the BBB.

It is known that Ang II peptide can also activate AT2R 
and Mas receptor (MasR) which display counteracting 
effects to the AT1R, i.e., they promote vasodilation, decrease 
blood pressure, and stimulate responses against inflamma-
tion and fibrosis [171]. Post-mortem studies on AD brains 
have revealed that the expression levels of AhR, Ang II, and 
AT1R proteins were significantly increased, whereas that of 
MasR protein was clearly down-regulated in hippocampus 
samples [10, 177]. The expression level of AT2R protein 
was low and no difference was observed between the AD 
and non-AD groups. In addition, there was a lack of sta-
tistically significant changes in ACE-1 and ACE-2 protein 
levels in AD brains [177]. These studies indicate that both 
the expression of Ah receptor and the activation level of the 
AT1R/RAS signaling might be significantly increased in AD 

brains. It is known that an enhanced signaling through the 
Ang II/AT1R pathway activates NADPH-oxidase complex 
in rat brain, triggering the polarization of microglia into the 
pro-inflammatory M1 phenotype and leading subsequently 
to a local neurodegeneration [178]. There are active drug 
development programs to find whether the inhibitors of 
ACE-2 and AT1R could inhibit the cognitive impairment 
induced by the aging process and AD. Currently, most of 
the studies have revealed a mild improvement in the pres-
ervation of memory although it is not clear what is the best 
medication. With respect to AhR signaling, it is not known 
whether microbiota-derived metabolites induce the RAS-
dependent constriction of microvessels and cause local 
hypoperfusion or whether AhR antagonists would be of any 
benefit in combatting AD pathogenesis.

AhR signaling induces vascular disturbances

There is a reciprocal regulation between Ang II and nitric 
oxide (NO) in the regulation of blood pressure, i.e., Ang II is 
a major vasoconstrictor of vessels, whereas endothelial NO 
synthase (eNOS) is an important vasodilator [179]. eNOS 
produces NO which triggers relaxation of smooth muscle 
cells enhancing vasodilatation of cerebrovascular vessels. 
There is convincing evidence that AhR signaling inactivates 
the eNOS enzyme and inhibits NO production, thus impair-
ing CBF [32, 180]. ROS compounds, especially the super-
oxide radical, react with NO generating the peroxynitrite 
radical which exerts many pathological effects [181]. AhR 
signaling is a potent inducer of ROS production, e.g., by 
stimulating the expression of the components of NADPH 
oxidase [182]. For instance, Nakagawa et al. [183] demon-
strated that AhR signaling stimulated ROS production via 
the activation of NADPH oxidase and reducing NO gen-
eration in rat aorta. Interestingly, many AhR agonists, e.g., 
indoxyl sulfate and 3-methylcholanthrene, inactivated NO 
production in mouse and human endothelial cells [180, 183]. 
Recently, Picon-Pages et al. [184] have reviewed the major 
beneficial and detrimental effects of NO in the brain. For 
instance, NO affects the functions of many other proteins via 
nitrosylation, nitrosation, and nitration reactions. Not only is 
nitrosative stress a harmful state but also a deficiency of NO 
is detrimental. There is compelling evidence that a shortage 
of NO leads to vascular stiffness and calcification as well as 
promoting the pathogenesis of atherosclerosis [185, 186]. 
Toda and Okamura [187] postulated that the NO-induced 
endothelial dysfunction could trigger local cerebral hypop-
erfusion which aggravated AD pathogenesis.

As described above, indoxyl sulfate has many detrimental 
vascular effects, especially on the functions of the BBB. 
The indoxyl sulfate-induced AhR signaling stimulates ROS 
production which induces harmful responses not only via the 
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RAS and NO pathways (see above) but oxidative stress can 
also trigger inflammatory changes and cellular senescence 
in endothelial cells [188, 189]. It is known that the activa-
tion of AhR signaling is a major inducer of oxidative stress 
[190]. Consequently, ROS compounds can stimulate NF-κB 
signaling, a major inflammatory inducer, and several other 
signaling pathways promoting cellular senescence [191]. 
Moreover, ROS compounds enhance vascular calcification 
and atherosclerosis. Masai et al. [192] demonstrated that 
the indoxyl sulfate-activated NADPH/NF-κB signaling in 
HUVEC cells stimulated the expression of monocyte chem-
oattractant protein-1 (MCP-1), an important enhancer of vas-
cular inflammation. Cerebral amyloid angiopathy (CAA) is 
associated with increased oxidative stress and inflammation 
in AD pathology [193]. Sun et al. [194] reported that replica-
tive senescence in human brain microvascular endothelial 
cells (BMEC) impaired the non-amyloidogenic APP pro-
cessing, whereas the BACE1-mediated amyloidogenic APP 
processing was robustly increased. Increased amyloidogenic 
processing in senescent BMECs could enhance the forma-
tion of CAA in AD patients. Interestingly, AhR signaling 
and inflammatory cytokines are effective inducers of the 
activation of IDO1 enhancing the generation of KYN metab-
olites, many of which are AhR agonists [23, 76]. It seems 
that there exists a positive feedback loop in microvessels 
induced by the microbiota-derived AhR agonists disturbing 
cerebrovascular homeostasis.

AhR signaling induces pathological 
responses associated with AD pathology

Given that AhR signaling is driving antagonistic pleiotropy 
(see above), the activation of AhR signaling induces diverse 
cellular stresses, such as oxidative stress which promotes 
the aging process [9]. It has been proposed that oxidative 
stress plays a significant role in the pathogenesis of AD 
[195]. It seems plausible that ROS production induced by 
AhR signaling might trigger inflammatory responses in 
AD brains, especially in microvessels. AhR signaling can 
also disturb energy metabolic homeostasis of cells since 
the activation of Ah receptor stimulates the expression of 
TiPARP (PARP7) which depletes NAD+ storage and trig-
gers protein mono-ADP-ribosylation [196]. A deficiency 
of NAD+ impacts on several hallmarks of AD pathology, 
e.g., mitochondrial dysfunction, redox impairments, com-
promised autophagy, and disturbances in chromatin and 
epigenetic regulation (Wang et al., 2021). There are also 
clinical and animal experiments indicating that the exposure 
to NAD+ precursors has positive effects on dementia and 
AD pathology [197]. Several neurodegenerative diseases, 
e.g., AD pathology, are associated with disturbances in the 
sphingolipid metabolism, which is especially enriched in 

the brain [198]. Interestingly, Majumder et al. [199] dem-
onstrated that AhR signaling upregulated the expression of 
serine palmitoyltransferase small subunit A (SPTSSA) in 
the SPT complex, the rate limiting enzyme of sphingolipid 
synthesis. Accordingly, Wang et al. [200] revealed that AhR 
signaling inhibited the expression of human sphingosine-
1-phosphate lyase (S1PL), the major enzyme involved in the 
degradation of S1P. This means that the activation of AhR 
signaling not only stimulates the synthesis of sphingolipids 
but furthermore it prevents their degradation. It is known 
that sphingolipids control many crucial functions in AD and 
other neurodegenerative diseases [198].

AhR signaling also controls a wide variety of cellular 
responses which enhance pathological responses not only 
with aging but also in many diseases, such as AD. For 
instance, AhR signaling inhibits autophagic degradation 
[29, 30] which represents a positive effect during the growth 
phase but later in the life it disturbs cellular proteostasis. It 
is known that autophagic degradation in neurons is impaired 
in AD pathology affecting not only the cleansing of neurons 
but also the processing of APP [201, 202]. Autophagy also 
alleviates the hypoxia-induced BBB injury maintaining the 
integrity of the BBB [203]. Cellular senescence is another 
state which can be triggered by AhR signaling [30, 125, 
204]. For instance, Wan et al. [204] reported that TCDD, 
a strong agonist of the AhR, induced cellular senescence 
of human and rat neuronal cells by increasing ROS pro-
duction. AhR signaling also induced cellular senescence 
mediated by indoxyl sulfate treatment in human endothelial 
HUVEC cells [125]. It seems that cellular senescence is not 
the primary cause of AD but nonetheless the appearance 
of senescent astrocytes can promote AD pathology [205]. 
Moreover, AhR signaling can induce the inflammatory state, 
and consequently, the activation of NF-κB signaling stimu-
lates the expression of AhR protein because the promoter of 
the human AhR gene is under the transactivation of NF-κB 
factor [206]. NF-κB signaling also stimulates the expression 
of IDO1 enzyme which activates AhR signaling through the 
production of KYN metabolites. The inflammation-induced, 
probably also the inflammaging-induced, activation of AhR 
signaling stimulates the immunosuppressive differentiation 
of several immune cell types, e.g., M2 macrophages (Mreg) 
[207] and regulatory T cells (Treg) [208]. For instance, the 
activation of AhR signaling induced the expression of Fork-
head box 3 protein (FoxP3) which is the master regulator 
of immunosuppressive Tregs [208]. Immunosuppression 
is one of the hallmarks of AD pathology, i.e., microglial 
cells are hyporesponsive and lose the ability to dispose 
β-amyloid deposits [209, 210]. Interestingly, the overex-
pression of TGF-β, a major immunosuppressive cytokine, 
increased the β-amyloid load in mouse brain microvessels 
[176]. Conversely, the overexpression of pro-inflammatory 
cytokines clearly reduced β-amyloid deposition in transgenic 
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AD mice [211]. These studies indicate that the presence of 
immunosuppressive microenvironment in AD brain induced 
by AhR signaling, probably as a counteracting response to 
inflammatory insults (see above), disturbs the clearance of 
β-amyloid deposits.

AhR signaling impairs circadian regulation 
and integrity of BBB

There is clear evidence that the gut microbiota regulates 
circadian rhythms of the host and vice versa, i.e., there exists 
a bidirectional circadian balance between the gut microbi-
ota and the host tissues [212]. In fact, microbial oscillations 
regulate host circadian clocks, whereas host circadian cycles 
modulate microbial rhythms and even microbial composi-
tion. Moreover, dietary interventions are able to control host 
circadian rhythms via the gut microbiota [213]. Recently, 
Petrus et al. [214] demonstrated that tryptophan metabolites 
affected both the central and peripheral circadian clocks in 
mice although the mechanisms need to be clarified. In the 
circadian system, the master pacemaker in mammals is the 
suprachiasmatic nucleus (SCN) in the hypothalamus which 
is coupled with neuronal circadian oscillators [215]. The 
peripheral system contains diverse cell-autonomous circa-
dian clocks which control many physiological functions, 
e.g., cellular metabolism under hormonal regulation. It is 
known that the gut microbiota coordinates diurnal rhythms 
of innate immunity through the control of circadian clocks 
[216] and it seems that circadian rhythms control the activity 
of the microbiota-gut-brain axis [217]. Interestingly, there 
is convincing evidence that the regulation of normal circa-
dian rhythmicity is disrupted in AD patients [218]. Distur-
bances in the sleep–wake cycle are one of the best known 
of many physiological effects induced by dysfunctions of 
circadian rhythms. Insomnia aggravates several pathologi-
cal processes linked to AD, e.g., β-amyloid accumulation. 
Given that waste material clearance from the brain occurs 
during sleep, it seems probable that the circadian system 
also controls the glymphatic flow from the brain [219]. The 
glymphatic system, formed by astrocytes, is a fluid trans-
portation system, similar to the lymphatic system in other 
tissues [220]. Many toxic compounds, such as β-amyloid 
and tau proteins, are cleared through the glymphatic system. 
There is accumulating evidence that the glymphatic system 
is impaired in AD, especially the function of aquaporin-4 
(AQP4) water channels [221, 222].

There are many studies indicating that the signaling of 
AhR is subjected to circadian regulation [63, 223]. For 
instance, the effects of AhR agonists on the expression 
of AhR-driven genes are dependent on diurnal variation. 
Interestingly, the major genes of circadian regulations, i.e., 
the BMAL1, CLOCK, and PER1/2, are members of the 

PAS family, similarly to the AhR gene [223]. Moreover, 
the binding partner of the AhR protein, the ARNT protein 
(see above), shares similar domains as the BMAL1 factor 
indicating that the AhR protein can heterodimerize with 
BMAL1 and thus affect the circadian regulation. Several 
studies have revealed that the AhR factor heterodimerizes 
with the BMAL1 protein, thus significantly attenuating 
the BMAL1/CLOCK-driven regulation of circadian genes, 
e.g., that of the PER1 gene, a repressor of BMAL1/CLOCK 
transcription [224]. For instance, Fader et al. [225] demon-
strated that exposure to TCDD, an agonist of the Ah recep-
tor, abolished the circadian regulation of hepatic metabolic 
activity in mice. Many review articles have elucidated the 
impact of AhR-induced disruption of circadian rhythms to 
physiological and pathological processes [223]. There are 
observations indicating that the expression of BMAL1 is 
regulated through the DNA methylation sites in the promoter 
of the BMAL1 gene [226]. Cronin et al. [226] reported that 
aberrant DNA methylation appeared during the early stages 
of AD, probably affecting the circadian alterations observed 
in AD. Interestingly, Nakazato et al. [227] demonstrated that 
a deletion of the Bmal1 gene in mice caused hyperperme-
ability in the BBB which was associated with the loss of 
pericytes in the BBB. They also reported that the deletion 
of the Bmal1 gene induced a robust activation of astrocytes 
associated with a clear decline in the expression of AQP4 
in the end-feet processes of perivascular astrocytes. This 
indicates that a deficiency of BMAL1 factor probably affects 
glymphatic flow which is under the circadian regulation. 
Recently, Zhang et al. [228] demonstrated that the circadian 
clocks control the permeability and the efflux of xenobiot-
ics in mouse BBB. Cuddapah et al. [229] have reviewed the 
evidence on the circadian regulation of the BBB. Currently, 
it needs to be clarified whether the gut microbiota-driven 
regulation of brain circadian rhythms is actually mediated 
by the AhR-induced control of BMAL1/CLOCK signaling.

Conclusions

The etiology of AD pathology is still elusive although there are 
extensive research enterprises focusing on molecular genetics 
and therapeutic treatments. Molecular studies have revealed 
that the activation of immune system has a crucial role in the 
pathogenesis of AD [230]. In AD brain, neuroinflammation 
and the activation of microglia are common molecular hall-
marks although the cause of inflammatory changes still needs 
to be clarified. Interestingly, there is accumulating evidence that 
chronic systemic inflammatory conditions seem to promote the 
inflammatory state in the AD brain [231]. There is abundant 
evidence that chronic kidney disease is associated with AD 
pathology [119]. Moreover, inflammatory bowel disease and 
periodontitis were shown to be associated with the increased 
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risk for dementia [103, 232]. Recent studies have revealed that 
gut microbiota can control brain homeostasis and the dysbiosis 
of microbiota induces many brain disorders via the gut-brain 
signaling axis. It is known that tryptophan metabolites are 
important messengers involved in the communication between 
the gastrointestinal tract and the brain. Interestingly, many tryp-
tophan metabolites are agonists of AhR factor, and thus, they 
are able to activate AhR signaling in the brain. The expression 
of AhR factor is enriched in the barrier organs involving also 
the BBB in the brain. It is known that AhR factor has a major 
role in many vascular diseases, such as atherosclerosis, hyper-
tension, and hyperlipidemia. There is convincing evidence that 
the structural and functional properties of the BBB are impaired 
in the brains of AD patients. The activation of AhR signaling 
stimulates the renin-angiotensin system in the brain inducing 
a local hypoperfusion. AhR signaling also inhibits the activity 
of eNOS which suppresses NO production and thus prevents 
vascular dilatation. Both of these processes expose microves-
sels and brain tissues to the risk of suffering hypoxic injuries. 
AhR signaling also provokes several stresses, such as oxidative 
and nitrosative stresses and energy metabolic shortage. These 
stresses enhance not only the stiffness and calcification of the 
BBB but they also promote cellular senescence in the cells of 
vascular wall. It is evident that treatments with AhR agonists 
can increase the permeability of the BBB. Moreover, AhR sign-
aling disturbs the maintenance of circadian rhythms because 
Ah receptor can heterodimerize with BMAL1 protein and thus 
interfere with circadian signaling. The AhR-induced disrup-
tion of circadian clocks impairs the functional properties of the 
BBB, probably also disturbing glymphatic flow. In summary, it 
seems plausible that a dysbiosis of gut microbiota can disturb 
the function of the BBB via the activation of AhR signaling and 
thus aggravate AD pathology.
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