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ABSTRACT

In today’s industrialized society food consumption has changed immensely toward heightened red
meat intake and use of artificial sweeteners instead of grains and vegetables or sugar, respectively.
These dietary changes affect public health in general through an increased incidence of metabolic
diseases like diabetes and obesity, with a further elevated risk for cardiorenal complications.
Research shows that high red meat intake and artificial sweeteners ingestion can alter the micro-
bial composition and further intestinal wall barrier permeability allowing increased transmission of
uremic toxins like p-cresyl sulfate, indoxyl sulfate, trimethylamine n-oxide and phenylacetylgluta-
mine into the blood stream causing an array of pathophysiological effects especially as a strain on
the kidneys, since they are responsible for clearing out the toxins. In this review, we address how
the burden of the Western diet affects the gut microbiome in altering the microbial composition
and increasing the gut permeability for uremic toxins and the detrimental effects thereof on early
vascular aging, the kidney per se and the blood-brain barrier, in addition to the potential implica-
tions for dietary changes/interventions to preserve the health issues related to chronic diseases in
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future.

In the Anthropocene, which is marked by the
human impact on the environment through
immense development of modern technologies,
the general style and habits of people’s life are
also altered accordingly.' It is debatable when the
influences of mankind became so big that they
affected environmental factors like climate change
and agricultural landscapes, however the recent
development of mankind analogously resulted in
societies that consume proportional high amounts
of red meats, animal products and pursue low carb
diets achieved through artificial sweeteners.” In
parallel, this is also relevant for an extensive
increase and presentation of life style diseases that
are developing due to complex interactions
between genetic, epigenetic and functional adapta-
tions that occur as a result of changes during the
lifespan of a human and in response to environ-
mental insults such as climate changes, food avail-
ability and potential pandemics.

Currently, it is increasingly accepted that dietary
choices and practices can have a significant impact
on the composition and function of the gut
microbiome.> The complex interplay between
the diet and the gut microbiota influences micro-
bial diversity, metabolic activity and overall gut
health. Diets high in saturated fats have been linked
to an unfavorable shift in the gut microbiome
composition. This is characterized by reduced
microbial diversity and an increase in potentially
harmful bacteria, which can contribute to inflam-
mation, increased gut permeability and potentially
impact the development of obesity.”

The Western dietary pattern known for its
high content of fat, salt and food additives,
along with increased consumption of refined
and artificial sugars and processed foods,
coupled with reduced intake of whole grains
and dietary fiber, not only may contribute to
the development of obesity but also increase the
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risk of diabetes and cancer.® This is also impor-
tant for chronic kidney disease (CKD) patients,
who are usually advised to adhere to a strict
dietary plan to minimize intake of nutrients
like potassium, phosphorous, sodium and pro-
teins to help the affected kidneys that are tasked
with the clearance of those from the circulation.”

Like many chronic diseased conditions, CKD is
a multifactorial disease, influenced by many exter-
nal and internal factors. The disease picture is often
accompanied by uremia induced early vascular
aging (EVA) phenotype and an associated increase
in cardiovascular disease (CVD) risk, cognitive
impairment and increased risk for depression.®’
Thus, CKD patients usually must adhere to
restricted diets to minimize the solute clearance
burden of the functionally diminished kidneys.”"
Therefore, the current health care burden requires
a strong focus on dietary interventions in addition
to pharmacological and renal replacement thera-
pies, identifying and deepening the understanding
how dietary aspects may influence the effects of
uremic toxins on organs of vital importance.

In this review, we will concentrate on the pre-
sentation of less studied but important aspects of
artificial sweeteners and red meat consumption in
the gut microbiome, which may not only affect the
processes of chronic disease development but also
the direct effects of uremic toxins due to distur-
bances in microbiota composition. Further, we will
elaborate on the effects of uremic toxins on kidney
function and the accompanied presentation of
EVA phenotype, impaired blood-brain barrier
(BBB) function in CKD and how dietary interven-
tions may improve the maintenance of a balanced
microbiome and ameliorate adverse health
consequences.

Artificial sweeteners

To commence, this review addresses artificial
sweeteners and red meat consumption to portray
some of their impact on the gut microbiome and
the consequential processes like increase in uremic
toxins, before describing in more detail the asso-
ciated physiological impact thereof on CKD asso-
ciated EVA and their effects on the BBB.

Artificial sweeteners, widely popular as sugar
substitutes, have been increasingly utilized for
their apparent benefits in reducing calorie intake
and managing blood sugar levels. However, emer-
ging research has started to shine a light on the
potential consequences of artificial sweeteners on
the gut microbiome and kidney health. Artificial
sweeteners comprising non-nutritious sweeteners
(NNS) like aspartame, sucralose, saccharin or ace-
sulfame potassium (K) and low-calorie sweeteners,
which are polyols and sugar alcohols like xylitol,
erythritol or sorbitol are widely used as sugar sub-
stitutes in a variety of foods, beverages and con-
sumables. The summary of the most widely used
and in the European Union authorized sweeteners
is shown in Table 1.

Artificial sweeteners were initially introduced as
a healthy alternative due to their low or zero calorie
content, which was thought to be beneficial for
weight management and managing blood sugar
levels. However, emerging research suggests that
these artificial sweeteners cause or worsen the
somatic state they were supposed to alleviate
through unintended effects on, e.g. the post-
ingestion pathway response and the gut
microbiome.'* In fact, it has been shown in mice
and humans that the consumption of NNS like
aspartame and sucralose worsens glucose tolerance

Table 1. List of authorized sweeteners in the European Union according to the European Food Safety

Authority, with E-numbers'".

E-Number Name E-Number Name

E 420 Sorbitols E 960a Steviol glycosides from Stevia
E 421 Mannitol E 960c Enzymatically produced steviol glycosides
E 950 Acesulfame K E 960d Glucosylated steviol glycosides
E 951 Aspartame E 961 Neotame

E 952 Cyclamates E 962 Salt of aspartame-acesulfame
E 953 Isomalt E 964 Polyglycitol syrup

E 954 Saccharins E 965 Maltitols

E 955 Sucralose E 966 Lactitols

E 957 Thaumatin E 967 Xylitol

E 959 Neohesperidine DC E 968 Erythritol




and insulin sensitivity, which are precursors to
more serious conditions like metabolic syndrome
and type 2 diabetes."” Most artificial sweeteners are
a hundred times sweeter than sucrose and used in
small amounts, nonetheless they are able to activate
the heterodimeric G-protein coupled sweet taste
receptors taste receptor type 1 member 2 (T1R2)
and taste receptor type 1 member 3 (T1R3) in the
oropharynx, triggering a hormonal response,
anticipatory or cephalic-phase insulin release,
from the amygdala and hypothalamus in anticipa-
tion of nutrition.'* In the intestine, duodenal neu-
ropod cells synapse with vagal neurons to convey
sugar stimuli to the brain. Those cells are able to
differentiate between sugar and sweeteners by also
employing sweet taste receptors and sodium glu-
cose transporters.ls’16 Sugars stimulate glutamater-
gic neurotransmission and sweeteners stimulate
purinergic neurotransmission.'>'”'® But artificial
sweeteners are of no or little caloric value and the
hormonal feedback of the post-ingestion pathway
is lacking or dampened.'” Eventually, the lack of
metabolic energy intake through the NNS dampens
the hormonal response and effectiveness of satiety
and energy metabolism, leading to increased sugar
cravings, appetite, caloric consumption and
hyperglycemia.'>*°

Whereas low-calorie sweeteners like xylitol and
erythritol, in a clinical study, have been suggested
to be able to bind the taste-receptors on enteroen-
docrine cells since their ingestion caused glucagon-
like peptide 1 (GLP-1) and incretin release, while
no change in insulin secretion or gastric emptying
was seen compared to the glucose control group.
This implies therefore that those low-calorie sweet-
eners do not trigger increased appetite and are
stipulated as a potential health alternative for
obese and diabetic patients.*' Xylitol mostly passes
through the small intestine and gets fermented by
bacteria in the large intestine, while erythritol is
mostly absorbed by the epithelial cells of the intest-
inal wall and then excreted by the kidneys.**

Several studies have suggested that artificial
sweeteners can alter the composition and function
of the gut microbiome.'>***® The analysis of the
gut microbiome by 16sRNA sequencing of 172
NNS consuming individuals, assessed through
a dietary questionnaire, showed a positive correla-
tion between NNS consumption and taxonomic

GUT MICROBES (&) 3

entities, including the Enterobacteriaceae family,
the  Deltaproteobacteria  class and the
Actinobacteria phylum.'? Additionally, in the
same cohort, consumption of NNS was associated
with increased fasting blood glucose, higher weight
and waist-to-hip ratio and elevated glycosylated
hemoglobin.'”> Comparably, in male rats,
a significant decrease of commensal microbes
Bifidobacterium, Lactobacillus and Bacteroides was
described after 12-week exposure to sucralose and
maltodextrin.'>*” This indicates that repetitive
consumption of artificial sweeteners can affect the
microbial composition in humans and rodents.

A diverse microbial ecosystem in the gut is gen-
erally associated with good health. Some artificial
sweeteners have been observed to reduce this
diversity, which may contribute to conditions like
obesity and diabetes. Reduced bacterial diversity
can also result in decreased production of short
chain fatty acids (SCFAs), which are essential for
colon health.””*® However, a recent clinical trial
with 17 healthy patients between the ages of 18-
45 suggested that daily consumption of aspartame
or sucralose in doses reflective of typical high use
caused no obvious differences in the microbiota
community structure or in the amounts of fecal
short chain fatty acids (SCFAs).”

In a recent study, Sihl et al. demonstrated the
pathogenicity inducing effects of saccharin, sucra-
lose and aspartame on Escherichia coli and
Enterococcus faecalis, two model gut bacteria.’® In
in vitro experiments, they showed that all three
artificial sweeteners significantly increased the abil-
ity to form a biofilm for E.coli, whilst only aspar-
tame had a significant effect on E.faecalis biofilm
formation. Moreover, in co-culture with intestinal
epithelial Caco-2 cells, aspartame, sucralose and
saccharin, to an extent, promoted the pathogenic
effects of both model bacteria. E.coli and E.faecalis
showed increased adherence ability and invasion
index when pre-exposed to the sweeteners, plus
heightened excretion of soluble bacterial factors
after sweetener exposure. Caco-2 cell viability was
decreased when co-cultured with either the artifi-
cial sweeteners-exposed bacteria or addition
thereof soluble bacterial factors to the culture
media.”

In another study, Markus et al. showed that
aspartame, sucralose and saccharin, commonly
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used sweeteners, have significant inhibitory effect
on the Gram-negative bacteria N-acyl homoserine
lactone-based (AHL) bacterial cell-to-cell commu-
nication system, also called quorum sensing. While
not being bactericidal, the artificial sweeteners are
suggested to compete with the native ligands on
docking at the ligand-binding site of the AHL-
receptors and thus further hinder protein folding
and quorum sensing communication, affecting
numerous molecular events of intestinal microbial
function and subsequent the host metabolism.>" In
another recent study, through in vitro experiments
and complementary proteomic analysis, artificial
sweeteners saccharin, sucralose, aspartame and
acesulfame K have been shown to stimulate the
transfer of antibiotic resistance genes via natural
transformation in Acinetobacter baylyi ADPI and
Gram-positive Bacillus subtilis. Additionally, artifi-
cial sweeteners could stimulate antibiotic resistance
gene transfer in an in vitro model of a mouse fecal
microbiome in which B. subtilis was added.
Exposure of the bacteria to artificial sweeteners
increased their cell envelop permeability, causing
an upregulation of genes encoding DNA uptake
and translocation machinery and prolonged plas-
mid resistance in transformants.>* This could also
have an environmental impact, since artificial
sweeteners to a huge extent pass through the diges-
tive tract and urinary excretion system unaltered
and the wastewater treatment plants are not
equipped to retrieve artificial sweeteners properly,
which causes them to end up polluting many aqua-
tic environments.> With rising antimicrobial resis-
tance as a global public health burden, generating
hundred thousands of deaths annually, a field
recognized to be further investigated.>

Artificial sweeteners do not just affect the micro-
biota, they also interact with receptors of their
hosts, like taste receptors, including us humans.
Besides, triggering the G-protein-coupled T1R2/
TIR3 heterodimer receptor in the oropharynx, it
has been demonstrated that artificial sweeteners
aspartame and sucralose increased intestinal
epithelial barrier permeability and down-
regulation of claudin 3 at the cell surface in Caco-
2 cells through taste receptor T1R3. The knock-
down of T1R3 in Caco-2 cells attenuated the men-
tioned effects of aspartame and sucralose.
Additionally, claudin 3 overexpression rescued

the aspartame induced reactive oxygen species
(ROS) and artificial sweeteners induced barrier
permeability.™

Artificial sweeteners appear to have the ability to
affect the metabolism and the commensal gut
microbiome in humans and rodents eliciting draw-
backs, like increased weight, fasting blood glucose
and glycosylated heamoglobin.'**** ** Increased
biofilm forming capability, enhanced antibiotic
resistance gene-plasmid transfer, higher invasion
index of intestinal epithelial cells and affected
quorum sensing through artificial sweeteners expo-
sure can change the balance of the gut microbiome
and may cause dysbiosis, which is connected to
various chronic diseases. However, it is important
to note that the effects of artificial sweeteners on
the gut microbiome vary depending on the type of
sweetener, the amount consumed and individual
differences in gut microbiome
composition.2 1,31,32,36

Artificial sweeteners and the kidneys

To date, reports on how artificial sweeteners affect
the kidney are still limited and contradictive and
more research is needed to investigate those effects.
The consumption of artificial sweeteners may
increase the workload on the kidneys as they filter
out many of these compounds from the blood.
Over time, this heightened workload can cause
structural and functional changes in the kidneys,
making them less efficient at filtering waste.’” Farid
et al. performed an experiment with healthy BALB/
c albino female and male mice, in which they were
given over a period of 8 or 16 weeks for 5 h daily ad
libitum access to water enriched with either
sucrose, sucralose, stevia or no additive as the con-
trol group. The biochemical investigations showed
that sucralose and even natural sweetener stevia
significantly reduced the hemoglobin Alc level,
hematocrit percentage, red and white blood cell
count in male and female mice. On top of that,
elevated serum levels for immunoglobulins IgG,
IgE and IgA and pro-inflammatory cytokines inter-
leukin (IL)-6 and —8 were measured in both male
and female groups administered with sucralose or
stevia, accompanied by a reduction in anti-
inflammatory cytokine IL-10 serum level, suggest-
ing a potential for proinflammatory effects in both



sexes. Furthermore, increased urea and creatinine
was measured in sucralose-exposed males and
females, whereas stevia had this effect more pro-
nounced in females. Histopathologically, no sex
differences were detected in the kidney, but sucra-
lose-exposed animals exhibited smaller sized glo-
meruli with enlarged Bowman’s capsules, areas of
hemorrhage and loss of brush border in the prox-
imal tubules. Stevia exposure showed a few areas of
inflammation and the appearance of congested
blood vessels.>®

Interestingly, in a study by Enuwosa et al., arti-
ficial sweeteners aspartame, saccharin and sucra-
lose are described to exhibit protective effects on
the glomerular microvasculature against vascular
endothelial growth factor (VEGF)-induced barrier
disruption. However, their mechanistic studies
using an in vitro model of primary human glomer-
ular microvascular endothelial cells failed to iden-
tify TIR2/T1R3 activation and subsequent release
of intracellular cyclic adenosine monophosphate as
signaling mode of action, hypothesizing an
unknown alternative signaling pathway since no
sucralose was detected within the cytosol of glo-
merular endothelial cells.”® Further, no major
effects of saccharin on the glomerular filtration
rate (GFR) or urine flow in the kidney were seen
in an in vivo experiment on 30 male Wister rats,
which have been administrated with an acute sac-
charin infusion, suggesting that any reported
change in renal function with artificial sweeteners
must depend on chronic consumption.*’

Aspartame has been described as a nephrotoxin,
its metabolites phenylalanine, aspartic acid and
methanol, which gets metabolized to formalde-
hyde, have detrimental effect on the kidney and
cause oxidative stress.*'™*’ Daily oral administra-
tion of aspartame in male Wistar rats over a period
of 42 days resulted in increased urea, creatinine and
potassium in serum, while blood hemoglobin,
sodium and calcium levels were significantly
decreased. Additionally, aspartame treatment
decreased glutathione and the activities of glu-
tathione peroxidase and catalase in kidney tissue
with a simultaneous increase of thiobarbituric acids
reactive substances, known as a byproduct of lipid
peroxidation and increased oxidative stress. Co-
treatment with folic acid and N-acetyl cysteine
alleviated the observed effects of aspartame in the
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Wistar rats.*’ In a different study, female albino
Wistar rats were through orogastric administration
exposed on the 9th, 10th and 11th day of pregnancy
to either at room temperature or heated to 40°C
dissolved aspartame. Heating causes aspartame to
form free phenylalanine and diketopiperazine, see-
mingly a carcinogen. The experiment showed that
the administration of aspartame during pregnancy
led to alterations in the fetal renal structure, stereo-
logical parameters showed significantly increased
cell volume and decreased numerical cell density in
the tubules and glomeruli of the aspartame exposed
fetal kidneys for both temperature conditions.***

In summary, increasing evidence suggest that, at
least based on animal experiments, the usage of
artificial sweeteners has an effect on the kidney
through structural changes in the glomeruli and
congested blood vessels, on inflammation, blood
hemoglobin, sodium and calcium levels.

However, the evidence of how this affects sugar
control is contradictory based on levels of glycated
hemoglobin for some of the artificial sweeteners.
Figure 1 illustrates the interplay of artificial sweet-
eners with the gut microbiome and the following
endocrine responses.

Red meat and uremic toxins

The planet’s consumption of red meat has doubled
since the 1960s and above all, it is in China that the
consumption of red meat is increasing.*® The dra-
matic increase in red meat consumption not only
increases greenhouse gas emission but will also
impact our health.*”*® Robust scientific evidence
links increased consumption of red meat intake
with increased risk for CVD as well as metabolic
syndrome, type 2 diabetes, diverticulitis and can-
cer, leading to a negative perception of the role of
high intake of red meat for health.*’~>" High con-
sumption of red meat results in an increased intake
of saturated fat, cholesterol, iron and salt, as well as
an excessive acid load. Although red meat is the
best source of essential amino acids that are more
nutritionally efficient than are those provided by
vegetables, recent data suggest that red meats have
multiple negative effects on our health. Red meat is
rich in sodium and phosphate and can promote
acidosis.*” Consumption of red meat in humans is
also associated with an elevation in inflammatory
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Artificial Sweeteners
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Figure 1. Artificial sweeteners affect the gut microbiota and endocrine response. Artificial sweeteners from different dietary products
can affect the microbial gut composition via activation of taste receptors linked to the modulation of, eating behavior, glucose
tolerance and handling insulin sensitivity and inflammation. AS: artificial sweeteners; T1R2/T1R3: taste receptor type 1 member 2 and

3; HbA1C%: glycosylated hemoglobin.

biomarkers and the promotion of oxidative
stress.”

The influence of diet on human health is
mediated at least in part by the gut microbiota.
Gut dysbiosis is understood as the altered compo-
sition and function of the gut microbiome, which
refers to the community of microorganisms,
including bacteria, viruses and fungi, which live
in our digestive tract. These commensal microbes
play a crucial role in our health, aiding in digestion,
immune function and even mental health.”> The
entrance of bacteria into the blood circulation can
be seen as an intrinsic factor of gut leakiness and
may reflect the gut health.” Increasing evidence
suggests that different socioeconomical positions
may play an important role in gut microbial com-
position. For example, when analyzing the periph-
eral venous blood using 16SRNA sequencing,
differences in the circulating microbiota were
seen in the Glasgow community groups depending
on their socioeconomical status linked to poor
nutrition and accelerated biological aging.”*

Indeed, those that were characterized as most bio-
logically aged exhibit a significantly higher abun-
dance of circulatory pathogenic bacteria, including
Neisseria and Porphyromonas, while those less bio-
logically aged possess more circulatory salutogenic
or commensal bacteria, including Lactobacillus.”*
A recent review of 85 eligible articles concludes
that there is a paucity of research in this area and
that the directionality and magnitude of changes in
the gut microbiome varied with inconsistent
pattern.”® Thus, although red meat intake tended
to increase the population of some bacterial species
and decrease population sizes of other genera,
however robust data are lacking. Part of the incon-
sistencies in the literature could be linked to the
fact that “meat” is not a single food but includes
a wide variety of muscle food from mammalian,
aquatic, avian and other sources of flesh and other
tissue food. Even though there are varying reports
about bacterial changes, the food source affects the
production of bacterial metabolites like uremic
toxins. It was recently reported that red meat shifts
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Figure 2. Simplified illustration of uremic toxins, specifically IS, PCS, TMAO and PAG and their association with increased allostatic load
and early vascular aging (EVA) in the context of CKD. The diagram outlines the pathways through which these toxins contribute to the
increased EVA with a focus on major impact related to vascular function and structure, such as endothelial dysfunction, calcification,
cellular senescence and arterial stiffness among others. IS: Indoxy! sulfate; PCS: p-cresyl sulfate; TMAO: Trimethylamine N-oxide; PAG:
Phenylacetylglutamine; CKD: chronic kidney disease; EVA: early vascular aging; RAA: renin-angiotensin-aldosterone; NO: Nitric oxide.

the gut microbiome to produce more trimethyla-
mine (TMA), the precursor of trimethylamine-
N-oxide (TMAO) and a uremic toxin, via
a microbial gene cluster.*>> Dysbiosis in turn
compromises intestinal barrier function, making
it more permeable to an influx of bacterial frag-
ments from gut to blood.”® By analyzing microbial
DNA signatures within the blood circulation, we
recently confirmed that TMAO along with one
carbon metabolism had significant impact upon
both inflammatory burden and the composition
of the microbiome in CKD.”” Our findings demon-
strate that TMAO acts as the key toxin shaping the
uremic microbiome and therefore this polyamine
might be exploited to enable dietary intervention
strategies that restore the microbiome in CKD.
High consumption of animal protein sources,
especially red meat, increases the production of
several uremic toxins, including p-cresyl sulfate
(PCS), indoxyl sulfate (IS) and TMAOQ.**’
Although the physiological impact of this remains

to be fully elucidated, a lot of interest has been
focused on TMAO, which appears to be an under-
lying feature of inflammatory diseases associated
with aging.”® Red meat, compared to other protein
sources, is specifically high in substrates such as
carnitine that promote TMAO production.
Emerging evidence suggests that frequent red
meat consumption may also speed up the aging
process.”® In CKD, impaired solute clearance
causes their accumulation in the body, resulting
in a condition called “uremia”. Uremia occurs
when the kidneys are unable to eliminate metabolic
waste products known as uremic toxins, leading to
retention of substances that are normally excreted
in urine.®® Uremic toxins have been implicated in
the disruption of the intestinal wall barrier, leading
to increased permeability. Individuals with renal
dysfunction often end up in a state of dysbiosis,
where the altered composition of gut microbiota
produces an abundance of uremic toxins that accu-
mulate in the bloodstream and further harm the
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vasculature and the kidneys.*®' Gut derived ure-
mic toxins were shown to negatively impact vascu-
lar health by inducing endothelium and smooth
muscle cell dysfunctions through the modulation
of oxidative stress, inflammatory responses and
cytokine activity.*>®?

Even though numerous uremic toxins have been
identified and many are believed to contribute to
the progression of CKD and cardiovascular disease,
only a few have been thoroughly investigated. Most
studies fail to consider the potential synergistic
effects of multiple toxins on organ damage, despite
it being likely that a combination of various toxins
contribute to the development of complications in
CKD patients. While much research has focused on
the systemic effects of uremic toxins, the following
review’s chapters will concentrate on their detri-
mental effects on the vasculature and BBB.**"*

Uremic milieu and EVA phenotype

The uremic milieu that accompanies CKD has been
linked to a clinical model of premature aging,
which is characterized by persistent low-level
inflammation, muscle loss, osteoporosis, frailty
and a significantly higher risk of cardiovascular
mortality.”®® Individuals with end-stage kidney
disease (ESKD) have a cardiovascular mortality
rate above ten times higher than that of the general
population.®® Although the precise pathological
mechanisms leading to the heightened cardiovas-
cular mortality are not fully understood, the pre-
sence of EVA appears to be one of the primary
factors.® The dissociation between chronological
and biological age in individuals with uremia is
a typical feature of EVA. The buildup of uremic
toxins contributes to an overall increase in allo-
static load, the cumulative wear and tear on the
body’s physiological systems due to chronic stress,
which can accelerate the aging process and contri-
bute to the development of EVA.”

Gut-derived uremic toxins like IS and PCS can
promote inflammation, oxidative stress and
endothelial dysfunction, which are key contribu-
tors to EVA.”" The toxins activate inflammatory
pathways and increased production of ROS,
which leads to damage of the endothelial cells lin-
ing the blood vessels and impairment of the normal
regulation of vascular tone, promoting the

formation of atherosclerotic plaques and increased
cardiovascular risk. Uremic toxins can directly
affect the structure and composition of the arterial
wall, promoting collagen deposition and calcifica-
tion, which contribute to the development of arter-
ial calcification and stiffness, a hallmark of EVA.”

Abnormalities in the regulation of calcium and
phosphate play a crucial role in the maintenance
and development of vascular calcification.”” At
a cellular level, advanced glycation end-products,
PCS, IS, TMAO, phosphatidylinositol (Pi) and
phosphaturic hormones facilitate endothelial dys-
function and phenotypic changes in vascular
smooth muscle cells (VSMCs).”*”> Notably, dys-
biosis coherent with increased uremic toxin pro-
duction can contribute to vascular calcification as
gut microbiota are the most significant source of
PCS, IS and TMAO.”

Trimethylamine-N-oxide (TMAO)

So far, the precise role of TMAO in the develop-
ment of calcification and its mechanisms contri-
buting to vascular calcification are not fully
understood. Zhang et al. conducted a study using
a rat model, confirming that TMAO induces vas-
cular calcification by causing a dose-dependent
increase of calcium in VSMCs cultured in
a calcifying environment. TMAO additionally sti-
mulated the expression of runt-related transcrip-
tion factor 2 (Runx2) and bone morphogenetic
protein 2 (BMP2), genes involved in the osteoblas-
tic differentiation of VSMCs. Furthermore, in both
in vivo and ex vivo experiments, TMAO led to an
accumulation of mineral content and upregulated
genes responsible for the transdifferentiation of
VSMCs into osteoblast-like cells. In the same
study, TMAO increased the serum levels of IL-1P
of CKD rats and caused activation of the NLR
family pyrin domain containing 3 (NLRP3) inflam-
masome and upregulation of nuclear factor kappa
B (NF-xB), both factors involved in the transcrip-
tion of IL-1B.”” Another study by Yazdekhasti et al.
in mice lacking apolipoprotein E (apo-E) suggested
a possible role of TMAO in atherogenesis.
Interestingly, a diet based on fish-derived protein
resulted in more advanced atherosclerosis in the
aorta with increased calcification of atherosclerotic
lesions. The concentration of TMAO was



approximately six times higher in mice receiving
the fish-based protein diet, suggesting that TMAO
originating from fish protein metabolism may be
the key factor responsible for these observed
differences.”® Whereas human studies have pro-
duced conflicting results. One observational study
involving 4,007 patients undergoing elective cor-
onary angiography found a relationship between
fasting plasma levels of TMAO and the occurrence
of major adverse cardiovascular events (death,
myocardial infarction or stroke) over a three-year
follow-up period.”” This study, however, did not
investigate the prevalence and progression of vas-
cular calcification. Further, the Coronary Artery
Risk Development in Young Adults (CARDIA)
study did not find any influence of TMAO on the
onset or progression of coronary artery calcifica-
tion score or common carotid artery intima-media
thickness during a ten-year follow-up period.*
However, additional reports revealed detrimental
effects related to high serum TMAO levels, specifi-
cally in white patients on dialysis, without the same
effect being observed in black patients.®'~*’
Studies have indicated that elevated levels of
TMAO consequently accelerate the progression of
kidney dysfunction by influencing the develop-
ment of tubular-interstitial fibrosis and deposition
of collagen, likely through increased activation of
Smad3 and downstream target genes.**® Smad3 is
known as a critical mediator of transforming
growth factor-B1 (TGFP1) signaling and plays
a driving role in both renal inflammation and
fibrosis.*>®” Findings from meta-analyses and sys-
tematic reviews have linked TMAO to an increased
risk of hypertension, as well as adverse cardiovas-
cular events and all-cause mortality across the gen-
eral population, elderly individuals and patients
with CKD.**®' Recently, Bang-Gee H et al.
reported that TMAO may serve as a significant
upstream regulator in the development of periph-
eral arterial stiffness among individuals in
advanced CKD stages 3-5.”> Inhibition of TMAO
using choline TMA-lyase mechanism-based inhi-
bitor, iodomethylcholine, in a murine model of
CKD has been found to reduce serum cystatin
C levels, as well as alleviate the severity of renal
tubular-interstitial ~ fibrosis ~and  collagen
deposition.”> In rats with 5/6 nephrectomy,
TMAO  along  with  superoxide  and
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proinflammatory cytokines was significantly ele-
vated, while endothelial nitric oxide production
was reduced, collectively contributing to endothe-
lial dysfunction.®* A study conducted by Brunt
et al. revealed a positive correlation between
plasma TMAO levels, aortic pulse wave velocity
and systolic blood pressure in aging humans and
mice.”* Furthermore, they indicated that TMAO
has detrimental effects on intrinsic mechanical
stiffness by influencing the formation of advanced
glycation end-products and ROS. This study
yielded findings showing that CKD patients with-
out diabetes mellitus, regardless of hypertension or
hyperlipidemia, had a significantly higher risk of
peripheral arterial stiffness in relation to TMAO
levels. However, in diabetic CKD patients, TMAO
did not correlate with arterial stiffness, suggesting
a potential influence of diabetes mellitus in mod-
ulating the role of TMAO in peripheral arterial
stiffness.”

Indoxyl phosphate (IS)

IS, a potent uremic toxin, has been documented for
its negative impact on kidneys and the vascular
system playing a role in endothelial dysfunction
and facilitating inflammation. IS accumulates in
the circulation as a byproduct of dietary trypto-
phan metabolism by gut bacterial tryptophanases
and the indole pathway.>”® After being produced
by intestinal bacteria like E.coli, lactobacilli or
Bacteroides fragilis, indole is absorbed into the
portal circulation and transported to the liver
where indole undergoes hydroxylation mediated
by cytochrome P450 2E1 (CYP2E1) resulting in
the formation of 3-hydroxy indole.”*”” Following
hydroxylation, indole is further metabolized by
sulfotransferase 1A1 (SULT1A1), which catalyzes
the sulfation of indole to produce IS. IS is involved
in the pathophysiology of cardiovascular complica-
tions and has not only been linked to CKD fibrosis
progression but also to changes in bone-mineral
metabolism, insulin resistance and development of
anemia. Several in vivo and in vitro experiments
have described the induction of vascular calcifica-
tion caused by IS toxicity.”*'°° Among its various
mechanisms to trigger vascular calcification, IS
enhances oxidative stress, upregulates the expres-
sion of transcription factor NF-«B, involved in
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inflammation and downregulates transcription fac-
tor nuclear erythroid 2-related factor 2 (Nrf2),
involved in anti-oxidative defense.'”!
Epigenetically, IS has been suggested to influence
microRNAs that regulate the transdifferentiation
of osteoblastic VSMCs.'”? Zhang and colleagues
demonstrated that IS downregulates miR-29b,
a suppressor of vascular calcification, in radial
arteries from ESKD patients and human aortic
VSMCs.”” In a CKD mouse model, Nakano et al.
found that IS can accelerate atherogenesis and vas-
cular calcification by stimulating proinflammatory
macrophages.”® Opdebeeck et al. showed that both
IS and PCS induce vascular calcification in rats
with adenosine-induced kidney injury when reach-
ing serum concentrations comparable to those
observed in CKD patients.”” Experimental models
of chronic kidney injury have demonstrated that IS
and PCS can activate the renin-angiotensin-
aldosterone axis, upregulate angiotensin II type 1
(AT1) receptors and downregulate angiotensin II
type 2 (AT2) receptors, which are stipulated to
have similar effects on vascular damage, remodel-
ing and potentially vascular calcification.®® Shimizu
et al. discovered that IS, at concentrations similar
to those found in CKD patients, potentiates the
detrimental effect of angiotensin II (AngIl) on
VSMCs in CKD rats, primarily through IS-
induced oxidative stress.'”> CKD patients with
higher serum IS levels are prone to aortic calcifica-
tion and high mortality, suggesting that IS acts as
a procalcifying toxin.'**

Furthermore, in vitro and in vivo studies
demonstrated that IS-treated human aortic smooth
muscle cells could promote aortic calcification and
aortic wall thickening and enhance the expression
of osteoblast specific proteins, senescence and cal-
cification due to oxidative stress resulting from
nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase upregulation.mS’106 AST-120 is
an orally administered drug and works as an intest-
inal absorber of IS, reducing the level of IS in blood
and urine, improving uremic symptoms.107

In vitro studies have revealed that endothelial
cells incubated with IS exhibited impaired prolif-
eration, delayed wound repair, reduced nitric oxide
production, increased cell senescence and heigh-
tened oxidative stress, all of which indicate the
adverse effects of IS on endothelial function.'®®

Studies on CKD patients have demonstrated nega-
tive correlations between baseline IS levels and
vascular reactivity index, as well as a positive asso-
ciation between IS levels, carotid-femoral pulse
wave velocity and aortic calcification.'**'*” Earlier
research has demonstrated a significant positive
correlation between serum IS and aortic calcifica-
tion in CKD patients.''® This phenomenon has also
been observed in hypertension rat models, where it
was further demonstrated that the aortic wall thick-
ened and showed an increased expression of osteo-
blast-specific proteins.'"'

p-cresyl sulfate (PCS)

PCS, another uremic toxin, that is produced by gut
microbiota like Bacteroides fragilis and Bacteroides
caccae, which increases in serum levels as GFR
decreases, has been associated with cardiovascular
damage in CKD.”® In a CKD rat model, Opedebeek
et al. showed that sustained exposure to PCS or IS
leads to significant calcification in the aorta and
peripheral vessels, ranging from moderate to severe
levels. Either PCS or IS was administered through
the drinking water with a concentration set to
achieve a daily intake of 150 mg/kg starting from
week 3 until euthanasia at week 7. The excess
calcification primarily accumulated in the media
layer, when observed in cross-sections of calcified
vessels. Both IS and PCS were found to promote
the migration and proliferation of VSMCs, which
are crucial cellular events in the development of
vascular calcification.”® Exposure to PCS of ather-
osclerosis-prone mice lacking ApoE on a high-fat
diet resulted in heightened formation of athero-
sclerotic plaques compared to control animals.
Furthermore, PCS disrupted the balance between
matrix metalloproteinases and tissue metallopro-
teinase inhibitors, contributing to plaque instabil-
ity. Gross et al. conducted an animal study in
mouse thoracic aorta, revealing that PCS triggers
oxidative stress in endothelial cells and VSMCs and
it induces the contraction of smooth muscles in the
aortic wall when exposed to phenylephrine. This
process leads to inward eutrophic remodeling of
the aortic wall, a sign of uremic vasculopathy,
which is characterized by the reduction of the
area of both lumen and media.'"



Serum PCS has been identified as a predictor of
arterial ~ stiffness in  patients undergoing
hemodialysis.''> As renal function declines, PCS
progressively accumulates and is considered
a detrimental factor in renal fibrosis due to its
ability to increase the production of ROS, activate
TGEp, stimulate the renal-angiotensin-aldosterone
system and induce renal tubular damage.®>''*'"
PCS has also been associated with image-proven
vascular calcification and carotid-femoral pulse
wave velocity, while showing an inverse relation-
ship with estimated (e)GFR in CKD patients."'®
Recently, Opdebeeck et al. demonstrated that
short- and long-term exposure to PCS promotes
aortic inflammation and calcification, respectively,
through the acute-phase response and coagulation
signaling pathway.” In a cross-sectional study,
Rossi et al. reported that serum PCS was indepen-
dently associated with IL-6 and pulse wave velocity,
highlighting its role in inflammation and its con-
tribution to cardiovascular damage in CKD stages
3-4.""7 PCS has been linked to endothelial dysfunc-
tion, arterial stiffness, vascular calcification, cardi-
ovascular events and all-cause mortality in patients
with CKD and on hemodialysis.'*®''*!®

Phenylacetylglutamine (PAG)

Another microbial toxin that has gained atten-
tion is PAG, a colonic microbial product result-
ing from the metabolism of dietary
phenylalanine. In PAG synthesis gut bacteria
transform dietary protein-derived phenylalanine
into phenylpyruvic acid through widespread
deamination, facilitated by microbial enzymes
like phenylalanine dehydrogenase and aromatic
amino acid aminotransferase."'>"**  Gut
microbes then convert phenylpyruvic acid into
phenylacetic acid.® After being absorbed into
the portal circulation, hepatic and renal enzymes
of the host catalyze the conjugation of phenyla-
cetic acid with either glutamine, resulting in the
formation of phenylacetylglutamine (PAGIn), or
glycine leading to the formation of phenylace-
tylglycine (PAGly).®® Symbiotic gut microbes in
humans and vertebrates, capable of producing
phenylacetic acid, have been identified in bac-
teria isolates as Bacteroidetes, Firmicutes and
Proteobacteria.’®'*'"'** Notably, Poesen et al.
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reported that PAG is linked to overall mortality
and CVD in patients with CKD."*> With sys-
tematic series of genetic loss-of-function studies
and gain-of-function studies, as well as multiple
corroborative pharmacological inhibitor and
agonist studies, using human embryonic kidney
cells and platelets, Nemet et al. demonstrated
that PAGIn signals through a2A, a2B and (2
adrenergic receptors that are expressed on plate-
lets and linked to platelet activation toward
thrombosis, ultimately suggesting their potential
involvement in CVD. Their studies indicated
a saturable and specific binding of PAGIn to
cells, indicative of a cell receptor - ligand
interaction.’® In another study, Liu Y et al.
found an independent association between
plasma PAG levels and coronary atherosclerotic
burden in patients with suspected coronary
artery disease.'”® Additionally, plasma PAG
levels were shown to be associated with an
increased risk of incident coronary artery dis-
ease and peripheral artery disease.'*” Not con-
fined to CVD patients, clinical studies have
established independent associations between
PAG and CVD in the general population, as
well as a link between PAG, CVD and mortality
in patients with CKD.'*>'*” Understanding the
association between gut-derived uremic toxins
and EVA is of great importance, as it highlights
the potential role of the gut-kidney axis in car-
diovascular health. Targeting the gut microbiota
and reducing the production and absorption of
these toxins may offer therapeutic opportunities
to slow down or prevent EVA and its associated
cardiovascular complications in individuals with
kidney dysfunction. In figure 2 a schematic
overview illustrates the above discussed uremic
toxins and their association with EVA in the
context of CKD.

It is well recognized that the gut microbiome
constitutes a mechanistic link between CKD and
uremic inflammation.'*® Gut-derived uremic tox-
ins, including IS, PCS, TMAO and PAG accumu-
late when kidney function declines, activating pro-
inflammatory and pro-fibrotic pathways.®® On top
of this, functional and metabolic changes of the gut
microbiota contribute to the age-associated
chronic, low-grade inflammation termed inflam-
maging, which is implicated in the pathogenesis
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of age-related diseases.'”” Inflammaging, along
with oxidative stress, genomic damage, cellular
senescence and imbalanced pro-aging and anti-
aging systems are suggested drivers of the prema-
ture aging phenotype, which is typical of CKD
patients and associated with high risk of cardiovas-
cular complications, muscle wasting, osteoporosis
and frailty."*°"'** Thus, the microbiome is poten-
tially involved both in the progression of CKD as
well as CVD, as inflammatory markers that are
shown to predict CKD progression are to a large
extent also associated with CVD risk.®” **71%7

Uremia, gut microbiota and CNS implications

In recent years, the scientific community has
acknowledged the concept of the connection
between the uremic environment, gut microbiota
and the brain, also termed the “microbiota-gut-
brain-axis”."*®'** As the understanding of the
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complex relationship between microbiome, gut,
central nervous system (CNS) and CKD has
expanded, it could be fitting to conceptualize this
as the “microbiota-gut-kidney-brain axis”
(Figure 3)."**'*% In this axis, gut dysbiosis results
in lower levels of saccharolytic microbes and
increase in proteolytic microbes, producing meta-
bolites and toxic substances associated with the
uremic environment."*' As described above, gut
microbiota are involved in the metabolism of diet-
ary tryptophan into indole derivatives, like uremic
toxin IS, which can activate aryl hydrocarbon
receptor (AhR), a receptor for multiple physiologi-
cal ligands.'** The damaging effect of uremic tox-
ins on the vasculature and the impaired renal
clearance in CKD patients leads to further accu-
mulation of these toxins in the circulation, which
can impair the BBB integrity.”® '**7'%°

The gut microbiome and the CNS establish com-
munication via immune, endocrine and neural
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Figure 3. Diet, gut, brain and CKD. The relationship between the gut microbiota, kidney and brain is a circulatory process, which is
influenced by the nutrients and metabolites from dietary choices. Increased bacterial changes lead to dysbiosis, which increases the
release of uremic toxins into the circulation and activation of the AhR receptors and thereafter effects on the CNS. The amount of
SCFAs from the gut microbiota influence renal renin release, heart rate and vasodilation and inflammatory cytokines through acting
on the listed proteins. IS: Indoxyl sulfate; PCS: p-cresyl sulfate; TMAO: Trimethylamine N-oxide; PAG: Phenylacetylglutamine; CKD:
chronic kidney disease; SCFAs: short chain fatty acids; CNS: central nervous system and AhR: aryl hydrocarbon receptor.



pathways.'*®  The two-way communication
between the gut and CNS is tightly regulated at
important interfaces such as the intestinal epithe-
lium and the BBB.'*” Enteroendocrine cells, enter-
ochromaffine cells and gut associated immune cells
facilitate transmission of signals from nutrients,
microbial metabolites, toxins and irritants from
the gut to the CNS.'*” This bidirectional commu-
nication extends even to the prenatal period, where
the maternal gut microbiome exerts influence on
fetal neurodevelopment through the bacteria
Clostridiales, which is able to produce SCFAs that
can enter the BBB.'*® Additionally, Escherichia and
Shigella, members of the proteobacteria phylum,
which dominate the neonatal gut, influence neuro-
development through various mechanisms includ-
ing direct communication via vagal nerves,
production of microbial metabolites, cytokine pro-
duction and BBB interaction via their lipopolysac-
charides eliciting immune response.'*® This
highlights the far-reaching impact of the gut micro-
biota not only in adult life but also during crucial
developmental stages early in life.

As mentioned in earlier sections of this review,
the gut microbiota composition is significantly
influenced by dietary factors, with artificial sweet-
eners emerging as potential contributors to altera-
tions in microbial abundance and diversity. This
influence potentially disrupts the balance of the
microbiota-gut-brain axis, which then contributes
to changes in metabolite production and toxin
release, affecting the overall homeostasis of the
microbiome and consequently the CNS. A rodent
animal study has shown that bacterial metabolites
like SCFAs possess the capacity to regulate the
maturation and function of microglia, hence affect-
ing brain health."* This interconnection, illu-
strated in Figure 3, is influenced by dietary
choices leading to dysbiosis, increased release of
uremic toxins, activation of AhR receptors and
subsequently repercussions for the CNS.

In the intestine, sensory neurons form connec-
tions with motor neurons, influencing the regula-
tion of intestinal motility and secretion of gut
hormones."”® Gut dysbiosis has been associated
with a range of diseases and disturbances in phy-
siological functioning."”" For example, alterations
in the gut microbiota have been associated with
neurological disorders such as autism spectrum
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disorders, depression, anxiety and neurodegenera-
tive diseases.'*>'*>'>* Notably, male and female
patients with major depressive disorders have
been observed to have higher Actinobacteria and
lower Bacteroidetes levels.">* CKD patients have
a greater burden and risk of experiencing depres-
sive disorders and cognitive impairment, which is
associated with adverse outcomes.'”"*® The
increased levels of pro-inflammatory cytokines
and altered immune response in CKD, coupled
with gut dysbiosis, may further contribute to neu-
roinflammation and neurodegenerative
processes.' >

In addition, gut microbes play a crucial role
beyond intestinal functions. They not only influ-
ence the BBB permeability but also affect the
hypothalamic-pituitary axis activity and vagus
nerve stimulation.'®"~'®* This results from the pro-
duction of both excitatory and inhibitory neuro-
transmitters and chemical signals. Certain gut
bacteria have the capacity to produce and metabo-
lize neurotransmitters such as serotonin, dopa-
mine, y-aminobutyric acid (GABA), histamine
and acetylcholine.'®>'

Serotonin, implicated in emotional distress and
irritable bowel syndrome can be produced by bac-
terial strains like Streptococcus spp., Enterococcus
spp., Escherichia spp., Lactobacillus spp, Lactococcus
spp, Klebsiella pneumonia and Morganella morga-
nii. Similarly, dopamine production has been
attributed to Escherichia, Bacillus, Lactococcus,
Lactobacillus and Streptococcus.'*” "% GABA, can
be efficiently produced from strains of
Lactobacillus and Bifidobacterium, highlighting
the probiotic potential of the gut bacterial strains
Lactobacillus rhamnosus and Bifidobacterium
longum in alleviating stress, anxiety, depression
and withdrawal symptoms by aiding restoration
of GABAergic activity in the brain.'®>»"7%"172
These neurotransmitters, known regulators of
mood, behavior and cognition underscore the gut
microbiota’s significance in influencing the
CNS.165’170’173

The impact of the bioactive molecules, including
neurotransmitters, SCFAs and metabolites, pro-
duced by gut microbes is not limited to peripheral
effects but can directly or indirectly impact the
CNS by crossing the BBB, modulating neural activ-
ity and neuroinflammation."”* Germ-free mice
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studies established the regulatory role of gut micro-
biota in BBB permeability, when upon re-
introduction of gut microbiota BBB integrity
improved and an up-regulation of tight junction
protein expression was seen.'”> AhR agonists such
as IS, have the ability to cross the BBB indicating
their important role in influencing and regulating
the CNS function. "**'”® In CKD, where uremic
toxins such as IS contribute to inflammation, meta-
bolic dysregulation and microvascular dysfunction,
understanding the sex-specific differences in AhR
expression and their relationship to BBB perme-
ability is increasingly becoming relevant.'””~'”®
Moon and colleagues have reported disparities in
BBB integrity between males and females.'"®® An
animal study showed 150% higher AhR mRNA
expression in female rats compared to males.'®'
Whilst Navar et al. reported a downregulation of
AhR expression in aged female macrophages,
coupled with an increase in phagocytic activity in
estrogen treated cells, suggesting sex-differences in
immune responses and inflammation.'®* Thus, in
the context of CKD, where inflammation plays
a crucial role in disease progression, such findings
may explain one of the factors influencing sex
differences observed in CKD.

Traditional risk factors in CKD such as hyper-
tension, diabetes, age, smoking, sex and family
history intertwine with non-traditional risk factors
including gut dysbiosis, uremic toxins, environ-
mental stress, malnutrition, persistent inflamma-
tion, physical inactivity and somatic stem cell
mutation, which all contribute to the multifactorial
nature of CKD complications."*® Metabolites like
SCFAs produced by the gut microbiota, play
a regulatory role in blood pressure through inter-
actions with host G-protein-coupled receptors
including GP41, GP43, GPR109A and olfactory
receptor (Olfr) 78 in mice and OR51E2 in
humans.'®>'®* SCFAs traverse the circulation, sti-
mulating receptors in the kidney to boost release of
renin, activating inflammatory cytokines and pres-
sure response in the brain, influencing vasodilata-
tion and heart rate.'®

The link between CKD and gut dysbiosis is con-
sidered a double-edged sword, the progression of
CKD is influenced by gut-derived metabolites and
toxins, simultaneously, the gut microbiota composi-
tion is affected by the uremic environment.'® One

study investigated the gut microbial composition
across various CKD stages and observed variations
in bacterial abundance from CKD 1 to CKD 5."*” The
abundance of Butyricicoccus spp, Clostridium difficule,
Enterobacteriaceae, Escherichia coli, Lactobacillus spp,
Roseburia spp and Streptococcus spp differed across
different CKD stages and control group.'®’
Additionally, the researchers identified gut bacteria
capable of producing uremic toxins. The study noted
several bacterial species from diverse genera including

Bacteroidaceae, Clostridiaceae, Lachnospiraceae,
Staphylococceae, Actinomycteae, Tannerellaceae,
Enterococceae,  Bacillaceae,  Bifidobacteriaceae,

Brevibacteriaceae, Coriobacteriacee, Corynebacteri
aceae, Eggertheraceae, Microbacteriaceae and
Micrococceae capable of generating uremic com-
pounds. Further, protein-bound uremic toxins in
CKD patients were primarily produced by anaerobic
bacteria, while both anaerobic and aerobic bacteria
contributed to the production of indolic
compounds.'®” The EQUAL study identified specific
uremic toxins linked to symptoms such as fatigue,
constipation and shortness of breath, revealing sex-
based variations.'® TMAQ was associated with fati-
gue and PCS and PAG were linked to constipation
with notable differences between males and females.
Specifically, higher levels of TMAO, PCS and PAG
were associated with symptoms in males compared to
females.'®®

The relationship between CKD and gut micro-
biota may be influenced by factors such as nutri-
tional elements, medications and treatment
strategies. CKD patients that are undergoing renal
transplantation also have a substantial immunosup-
pressive therapy and antibiotic treatment to prevent
infection, thus potentially triggering significant
changes to their gut microbiota. While the topic on
renal transplantation is indeed expansive, under-
standing the changes in microbiota diversity in
renal transplant patients may offer insight into its
broader implications in patients’ overall health.'®
The gut microbiome composition in kidney trans-
plant recipients notably differs from healthy indivi-
duals with pretransplant patients showing abundant
Firmicutes, while post-transplant patients exhibit
higher levels of Proteobacteria (Escherichia coli)
and lower Actinobacteria (Bifidobacterium
species).””'”! Notably, patients experiencing diar-
rhea post-kidney transplantation have been



observed to lack certain beneficial bacterial species
such as Bacteroides, Ruminococcus, Coproccus and
Dorea species.'” While the direct link between
microbiota changes and uremic toxins remains to
be fully understood, recognizing that there is an
interplay between the two, highlights the complex
nature of CKD and its impact on gut health.

CKD patients are prone to various complica-
tions like bone diseases, insulin resistance, renal
tibrosis, CVD and brain-related conditions.
Focusing on the latter, CKD-related CNS disorders
may manifest as altered mental status based on two
proposed hypotheses: the vascular hypothesis and
the neurodegenerative hypothesis. The vascular
hypothesis attributes CNS disorders to endothelial
dysfunction influenced by both traditional and
non-traditional risk factors. In contrast, the neuro-
degenerative hypothesis advocates the direct or
indirect contribution of uremic toxins to CNS
injury during CKD development, involving circu-
lating toxins that pass and impair the BBB, affect-
ing the brain.'*?

In relation to the neurodegenerative theory, tox-
ins can alter the secretion of neurotrophins, includ-
ing brain-derived neurotrophic factor (BDNF).'*?
BDNF is produced by different cell types in the
CNS, such as neurons, glial cells and microglia
and it is vital to the processes of neurogenesis and
differentiation, as well as neuronal plasticity essen-
tial for long-term memory.'** In a study involving
germ-free mice, diminished BDNF levels were
observed in the hippocampus and cortex brain
areas compared to controls, which suggests
a modulating involvement of the gut
microbiome.'” Lower BDNF levels are also noted
in CKD patients and individuals, especially females
with major depressive disorder, compared to
healthy controls."”*'*” Furthermore, BDNF levels
increase after kidney transplantation.'”®

It is worth noting that in patients with renal
impairment, sleep quality can affect their physical
and mental well-being and ultimately their overall
quality of life. ESKD or CKD-5 patients have
higher prevalence of poor sleep quality compared
to those with CKD stages 1-4.">*°° Additionally,
females and those undergoing dialysis also tend to
have lower sleep quality.'””*% Insufficient sleep
has been linked to metabolic disorders like obesity,
diabetes, CVD and neurological and cognitive
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impairments and even cancer.’’"?°> Meanwhile,
alterations in gut microbiome composition have
been observed in individuals with these
pathologies.”***** Sleep quality and dietary prac-
tices can have a significant impact on the composi-
tion and function of the gut microbiome.>* The
Mediterranean diet, typically rich in fruits, vegeta-
bles and whole grains, has been associated with
higher sleep quality and an increased microbial
diversity of the gut microbiome profile, seen by
increased growth of Bifidobacteria, Bacteroides,
Faecalibacterium prausnitzii and SCFA-producing
gut bacteria Clostridium leptum and Eubactrium
rectale, whereas lower growth of Firmicutes and
Blautia species.’>*%" Individuals experiencing
sleep deprivation have been shown to exhibit
a distinct gut microbial profile compared to those
with normal sleep patterns. Notably, there was an
observed increased Firmicutes:Bacteroides ratio in
those with sleep disturbance.”** Conversely, CKD
is associated with sleep disorders like obstructive
sleep apnea that can induce gut dysbiosis, as
obstructive sleep apnea-related hypoxia alters gut
wall permeability and promotes inflammation.**®
The gut microbiome not only influences sleep
patterns but also plays a role in mental and cogni-
tive well-being. Studies have reported an associa-
tion between mild cognitive impairment in older
adults and altered gut microbiota, as evidenced by
changes in microbial composition, with increase in
Bacteroides and Flavonifractor and decrease in
Ruminococcus, Butricimonas and
Oxalobacter.”*>*'° Between 16-38% of CKD
patients in stages 3 to 5 experience cognitive
impairment, with renal function correlating with
the development of cognitive impairment and
dementia.”'""*'* The primary contributor to cere-
bral dysfunction in CKD appears to be small vessel
cerebrovascular disease, as indicated by the
Rotterdam study linking dementia to reduced cer-
ebral blood flow and increased arterial stiffness
associated with impaired executive
functions.”'>*'* Cognitive impairment in CKD
can also be influenced by dialysis modalities, parti-
cularly hemodialysis, which involves greater hemo-
dynamic changes and may not effectively filter out
all uremic toxins, potentially leading to persistent
cognitive deficits.*'>*'® Gut microbiota variations
have been observed in CKD patients undergoing
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hemodialysis and kidney transplantation.”'” CKD
can disrupt calcium homeostasis through concur-
rent  hyperparathyroidism and  vitamin
D deficiency, potentially contributing to cognitive
impairment. Hypercalcemia as a consequence can
induce arterial calcification aligning with the vas-
cular hypothesis.*'® Distinct cortical neural syn-
chronization in CKD dementia as opposed to
Alzheimer’s one suggest unique cognitive domains
affected by CKD.*"’

Dietary impact on health and environment

Throughout life, spanning infancy, adolescence
and adulthood, the gut microbiome undergoes
dynamic changes influenced by various factors
both from the environment and the host. These
factors include maternal health, age, delivery
method, feeding practices, immune status, dietary
habits, alcohol consumption, drug usage, psycho-
logical factors, ethnicity, geographical location and
smoking habits.”****! The impact of these factors
may vary between males and females, contributing
to sex-specific differences in gut microbiota com-
position and therefore overall health outcome.
The strong association between diet, the gut
microbiome, overall health and environmental
burden implies that modifying our dietary choices
can improve our well-being. Understanding these
interactions can have implications for the develop-
ment of personalized nutritional interventions in
CKD patients and others. The interaction between
the gut microbiome and disease can be linked to
a cyclical relationship. Alterations in the gut micro-
biome such as those induced by sleep restriction,
red meat or artificial sweeteners can potentially
contribute to the development of certain patholo-
gic conditions through increased concentration of
uremic toxins like TMAO, IS, PCS and PAG in the
circulation. Conversely, the presence of certain
medical disorders like CKD may also lead to altera-
tions in the composition of the gut microbiome.
This bidirectional relationship between the gut
microbiome and disease creates a feedback loop
where changes in the microbiome can influence
the uremic milieu and disease progression, while
diseased states can in turn impact the composition
of the gut microbiota. Understanding this interplay

is indeed crucial for developing targeted interven-
tions and therapeutic strategies aimed at modulat-
ing the gut microbiome to promote health and
mitigate disease progression.

Today, 700 million of the planet’s people are
malnourished, while 2 billion people are
overweight.”?>*** If we should feed the 10 billion
people who will live on the planet in 2050, the need
for food will increase by more than 50%. Since
2019, the number of people facing acute food inse-
curity has increased from 135 million to
345 million. Agriculture already uses 50% of the
planet’s vegetated land areas and livestock farming
accounts for two-thirds of all agricultural land and
half of all greenhouse gases in the atmosphere
originate from food production. Food is the single
strongest lever to optimize human health and
environmental sustainability.>*** A radical restruc-
turing of the food system is required for healthy
people to live on a healthy planet. Recent research
and the Eat Lancet commission show that the food
that we eat today is neither good for our health or
the environment.>** It is evident that the
unhealthiest foods often have the highest environ-
mental impact and dietary transitions toward
greater consumption of healthier foods improve
environmental sustainability.”*® If we could
increase our intake of plant-based diets, grains
and fermented nutrients and limit the intake of
red meat and likely artificial sweeteners, this
could not only reduce the risk of burden of lifestyle
diseases but also reduce greenhouse gas emission
and increase the resistance against environmental
threats, such as air and water pollution.*>?**’

In summary, the future challenges are multidi-
mensional including environmental aspects, perso-
nal choices as well as advancements in health care
providing aspects. Future studies should pay more
comprehensive attention to how alterations in the
microbiome can influence future health and if and
how existing and future strategies related to dietary
aspects could be successfully implemented to daily
routines to ameliorate the burden of chronic diseases
with the potential for novel treatment strategies.

Disclosure statement

No potential conflict of interest was reported by the author(s).



Funding

The author(s) reported there is no funding associated with the
work featured in this article.

Author contributions

KK got invitation for the review and invited all authors to
contribute to the reviews’ conception and content. AS took
a lead for the edition of chapters and implementation of
illustrative material with communications. All authors con-

tributed to review planning and execution of selected chapters
based on their expertise.

All authors agreed with the content and gave explicit con-
sent to submit manuscript for publication.

Data availability statement

No data is neede

d 23-25

References

1.

. Candido

Crutzen PJ, Stoermer EF. The ‘Anthropocene’. In:
Benner S, Lax G, Crutzen P, Pdschl U, Lelieveld J
Brauch H. editors. Paul ] Crutzen and the
Anthropocene: a new epoch in earth’s history. Vol. 2021.
US: Springer International Publishing; 2000. pp. 19-21.

. Willett W, Rockstrom J, Loken B, Springmann M,

Lang T, Vermeulen S, Garnett T, Tilman D,
DeClerck F, Wood A. et al. Food in the Anthropocene:
the EAT-Lancet Commission on healthy diets from sus-
tainable food systems. Lancet. 2019;393(10170):447-492.
doi:10.1016/S0140-6736(18)31788-4.

. David LA, Maurice CF, Carmody RN, Gootenberg DB,

Button JE, Wolfe BE, Ling AV, Devlin AS, Varma Y,
Fischbach MA. et al. Diet rapidly and reproducibly
alters the human gut microbiome. Nature. 2014;505
(7484):559-563. doi:10.1038/nature12820.

. De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M,

Poullet JB, Massart S, Collini S, Pieraccini G, Lionetti P.
Impact of diet in shaping gut microbiota revealed by
a comparative study in children from Europe and rural
Africa. Proc Natl Acad Sci USA. 2010;107
(33):14691-14696. doi:10.1073/pnas.1005963107.

FG, Valente FX, Grzeskowiak LM,
Moreira APB, Rocha D, Alfenas RCG. Impact of dietary
fat on gut microbiota and low-grade systemic inflam-
mation: mechanisms and clinical implications on
obesity. Int J Food Sci Nutr. 2018;69(2):125-143.
doi:10.1080/09637486.2017.1343286.

. Newsome R, Yang Y, Jobin C. Western diet influences

on microbiome and carcinogenesis. Semin Immunol.
2023;67:101756. doi:10.1016/j.smim.2023.101756.

. Hu EA, Coresh ], Anderson CA, Appel L], Grams ME,

Crews DC, Mills KT, He J, Scialla J, Rahman M. et al.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

GUT MICROBES (&) 17

Adherence to healthy dietary patterns and risk of CKD
progression and all-cause mortality: findings from the
CRIC (Chronic Renal Insufficiency Cohort) Study. Am
J Kidney Dis. 2021;77(2):235-244. do0i:10.1053/j.ajkd.
2020.04.019.

. Dai L, Qureshi AR, Witasp A, Lindholm B, Stenvinkel P.

Early vascular ageing and cellular senescence in chronic
kidney disease. Comput Struct Biotechnol ].
2019;17:721-729. doi:10.1016/j.csbj.2019.06.015.

. Tonelli M, Wiebe N, Guthrie B, James MT, Quan H,

Fortin M, Klarenbach SW, Sargious P, Straus S,
Lewanczuk R. et al. Comorbidity as a driver of adverse
outcomes in people with chronic kidney disease. Kidney
Int. 2015;88(4):859-866. doi:10.1038/ki.2015.228.
Ikizler TA, Burrowes JD, Byham-Gray LD,
Campbell KL, Carrero J-J, Chan W, Fouque D,
Friedman AN, Ghaddar S, Goldstein-Fuchs DJ. et al.
KDOQI clinical practice guideline for nutrition in
CKD: 2020 update. Am J Kidney Dis. 2020;76(3):S1-
§107. doi:10.1053/j.ajkd.2020.05.006.

EFSA. Sweeteners. 2023.

Suez ], Korem T, Zeevi D, Zilberman-Schapira G,
Thaiss CA, Maza O, Israeli D, Zmora N, Gilad S,
Weinberger A. et al. Artificial sweeteners induce glu-
cose intolerance by altering the gut microbiota. Nature.
2014;514(7521):181-186. doi:10.1038/nature13793.
Pearlman M, Obert ], Casey L. The association between
artificial sweeteners and obesity. Curr Gastroenterol
Rep. 2017;19(12):64. doi:10.1007/s11894-017-0602-9.
Yang Q. Gain weight by “going diet?” Artificial sweet-
eners and the neurobiology of sugar cravings: neu-
roscience 2010. Yale J Biol Med. 2010;83:101-108.
Buchanan KL, Rupprecht LE, Kaelberer MM,
Sahasrabudhe A, Klein ME, Villalobos JA, Liu WW,
Yang A, Gelman J, Park S. et al. The preference for
sugar over sweetener depends on a gut sensor cell. Nat
Neurosci. 2022;25(2):191-200. doi:10.1038/s41593-
021-00982-7.

Kaelberer MM, Buchanan KL, Klein ME, Barth BB,
Montoya MM, Shen X, Bohorquez DV. A gut-brain
neural circuit for nutrient sensory transduction. Science.
2018;361(6408):361. doi:10.1126/science.aat5236.

Liu WW, Bohorquez DV. The neural basis of sugar
preference. Nat Rev Neurosci. 2022;23(10):584-595.
doi:10.1038/s41583-022-00613-5.

Tan HE, Sisti AC, Jin H, Vignovich M, Villavicencio M,
Tsang KS, Goffer Y, Zuker CS. The gut-brain axis
mediates sugar preference. Nature. 2020;580
(7804):511-516. doi:10.1038/s41586-020-2199-7.
Lutter M, Nestler EJ. Homeostatic and hedonic signals
interact in the regulation of food intake. J Nutr.
2009;139(3):629-632. doi:10.3945/jn.108.097618.

Teff KL. How neural mediation of anticipatory and
compensatory insulin release helps us tolerate food.
Physiol Behav. 2011;103(1):44-50. doi:10.1016/j.phys
beh.2011.01.012.


https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1038/nature12820
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1080/09637486.2017.1343286
https://doi.org/10.1016/j.smim.2023.101756
https://doi.org/10.1053/j.ajkd.2020.04.019
https://doi.org/10.1053/j.ajkd.2020.04.019
https://doi.org/10.1016/j.csbj.2019.06.015
https://doi.org/10.1038/ki.2015.228
https://doi.org/10.1053/j.ajkd.2020.05.006
https://doi.org/10.1038/nature13793
https://doi.org/10.1007/s11894-017-0602-9
https://doi.org/10.1038/s41593-021-00982-7
https://doi.org/10.1038/s41593-021-00982-7
https://doi.org/10.1126/science.aat5236
https://doi.org/10.1038/s41583-022-00613-5
https://doi.org/10.1038/s41586-020-2199-7
https://doi.org/10.3945/jn.108.097618
https://doi.org/10.1016/j.physbeh.2011.01.012
https://doi.org/10.1016/j.physbeh.2011.01.012

18 A. SCHWARZ ET AL.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Wolnerhanssen BK, Cajacob L, Keller N, Doody A,
Rehfeld JF, Drewe ], Peterli R, Beglinger C, Meyer-
Gerspach AC. Gut hormone secretion, gastric empty-
ing, and glycemic responses to erythritol and xylitol in
lean and obese subjects. Am ] Physiol Endocrinol
Metab. 2016;310(11):E1053-61. doi:10.1152/ajpendo.
00037.2016.

Bornet FR, Blayo A, Dauchy F, Slama G. Plasma and
urine kinetics of erythritol after oral ingestion by
healthy humans. Regul Toxicol Pharmacol. 1996;24
(2):5280-5. d0i:10.1006/rtph.1996.0109.

Ruiz-Ojeda FJ, Plaza-Diaz J, Saez-Lara MJ, Gil A.
Effects of sweeteners on the gut microbiota: a review
of experimental studies and clinical trials. Adv Nutr.
2019;10:S31-548. doi:10.1093/advances/nmy037.
Gerasimidis K, Bryden K, Chen X, Papachristou E,
Verney A, Roig M, Hansen R, Nichols B,
Papadopoulou R, Parrett A. et al. The impact of food
additives, artificial sweeteners and domestic hygiene
products on the human gut microbiome and its fibre
fermentation capacity. Eur ] Nutr. 2020;59
(7):3213-3230. doi:10.1007/s00394-019-02161-8.
Karlsson FH, Tremaroli V, Nookaew I, Bergstrom G,
Behre CJ, Fagerberg B, Nielsen ], Backhed F. Gut meta-
genome in European women with normal, impaired
and diabetic glucose control. Nature. 2013;498
(7452):99-103. doi:10.1038/nature12198.

Chi L, Bian X, Gao B, Tu P, Lai Y, Ru H, Lu K. Effects of
the artificial sweetener neotame on the gut microbiome
and fecal metabolites in mice. Molecules. 2018;23
(2):367. doi:10.3390/molecules23020367.

Abou-Donia MB, El-Masry EM, Abdel-Rahman AA,
McLendon RE, Schiffman SS. Splenda alters gut micro-
flora and increases intestinal p-glycoprotein and cyto-
chrome p-450 in male rats. ] Toxicol Environ Health A.
2008;71(21):1415-1429. doi:10.1080/15287390802328630.
Suez J, Korem T, Zilberman-Schapira G, Segal E, Elinav E.
Non-caloric artificial sweeteners and the microbiome:
findings and challenges. Gut Microbes. 2015;6
(2):149-155. doi:10.1080/19490976.2015.1017700.
Ahmad SY, Friel J, Mackay D. The effects of
non-nutritive artificial sweeteners, aspartame and
sucralose, on the gut microbiome in healthy adults:
Secondary outcomes of a randomized double-blinded
crossover clinical trial. Nutrients. 2020;12(11):12.
doi:10.3390/nu12113408.

Shil A, Chichger H. Artificial sweeteners negatively
regulate pathogenic characteristics of two model gut
bacteria, E. coli and E. faecalis. Int ] Mol Sci. 2021;22
(10):22. doi:10.3390/ijms22105228.

Markus V, Share O, Shagan M, Halpern B, Bar T,
Kramarsky-Winter E, Terali K, Ozer N, Marks RS,
Kushmaro A. et al. Inhibitory effects of artificial sweet-
eners on bacterial quorum sensing. Int ] Mol Sci.
2021;22(18):22. do0i:10.3390/ijms22189863.

Yu Z, Wang Y, Henderson IR, Guo J. Artificial sweet-
eners stimulate horizontal transfer of extracellular

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

antibiotic  resistance genes through natural
transformation. Isme J. 2022;16(2):543-554. doi:10.
1038/s41396-021-01095-6.

Naik AQ, Zafar T, Shrivastava VK, Kharat AS.
Environmental impact of the presence, distribution,
and use of artificial sweeteners as emerging sources of
pollution. J Environ Public Health. 2021;2021:1-11.
doi:10.1155/2021/6624569.

O’Neill J. Tackling drug-resistant infections globally:
final report and recommendations. 2016.

Shil A, Olusanya O, Ghufoor Z, Forson B, Marks J,
Chichger H. Artificial sweeteners disrupt tight junc-
tions and barrier function in the intestinal epithelium
through activation of the sweet taste receptor, T1R3.
Nutrients. 2020;12(6):12. doi:10.3390/nul2061862.
Stolfi C, Maresca C, Monteleone G, Laudisi F.
Implication of intestinal barrier dysfunction in gut dys-
biosis and diseases. Biomedicines. 2022;10(2):10.
doi:10.3390/biomedicines10020289.

Karalius VP, Shoham DA. Dietary sugar and artificial
sweetener intake and chronic kidney disease: a review.
Adv Chronic Kidney Dis. 2013;20(2):157-164. doi:10.
1053/j.ackd.2012.12.005.

Farid A, Hesham M, El-Dewak M, Amin A. The hidden
hazardous effects of stevia and sucralose consumption
in male and female albino mice in comparison to
sucrose. Saudi Pharm J. 2020;28(10):1290-1300.
doi:10.1016/j.jsps.2020.08.019.

Enuwosa E, Gautam L, King L, Chichger H. Saccharin
and sucralose protect the glomerular microvasculature
in vitro against VEGF-induced permeability. Nutrients.
2021;13(8):2746. doi:10.3390/nu13082746.

Jacquillet G, Debnam ES, Unwin RJ, Marks J. Acute
saccharin infusion has no effect on renal glucose hand-
ling in normal rats in vivo. Physiol Rep. 2018;6(14):
€13804. doi:10.14814/phy2.13804.

Ardalan MR, Tabibi H, Ebrahimzadeh Attari V, Malek
Mahdavi A. Nephrotoxic effect of aspartame as an
artificial sweetener: a brief review. Iran J Kidney Dis.
2017;11:339-343.

Finamor I, Pavanato MA, Pes T, Ourique G, Saccol E,
Schiefelbein S, Llesuy S, Partata W. N-acetylcysteine
protects the rat kidney against aspartame-induced oxi-
dative stress. Free Radic Biol Med. 2014;75(Suppl 1):
$30. doi:10.1016/j.freeradbiomed.2014.10.759.

Saleh A, Saleh S. Synergistic effect of N-acetylcysteine
and folic acid against aspartame-induced nephrotoxi-
city in rats. Int ] Adv Res. 2014;2:363-373.

Martins M, Azoubel R. Effects of aspartame on fetal
kidney: a morphometric and stereological study.
Int ] Morphol. 2007;25(4):689-694. doi:10.4067/
S0717-95022007000400004.

Tsang WS, Clarke MA, Parrish FW. Determination of
aspartame and its breakdown products in soft drinks by
reverse-phase chromatography with UV detection.
J Agric Food Chem. 1985;33(4):734-738. doi:10.1021/
jf00064a043.


https://doi.org/10.1152/ajpendo.00037.2016
https://doi.org/10.1152/ajpendo.00037.2016
https://doi.org/10.1006/rtph.1996.0109
https://doi.org/10.1093/advances/nmy037
https://doi.org/10.1007/s00394-019-02161-8
https://doi.org/10.1038/nature12198
https://doi.org/10.3390/molecules23020367
https://doi.org/10.1080/15287390802328630
https://doi.org/10.1080/19490976.2015.1017700
https://doi.org/10.3390/nu12113408
https://doi.org/10.3390/ijms22105228
https://doi.org/10.3390/ijms22189863
https://doi.org/10.1038/s41396-021-01095-6
https://doi.org/10.1038/s41396-021-01095-6
https://doi.org/10.1155/2021/6624569
https://doi.org/10.3390/nu12061862
https://doi.org/10.3390/biomedicines10020289
https://doi.org/10.1053/j.ackd.2012.12.005
https://doi.org/10.1053/j.ackd.2012.12.005
https://doi.org/10.1016/j.jsps.2020.08.019
https://doi.org/10.3390/nu13082746
https://doi.org/10.14814/phy2.13804
https://doi.org/10.1016/j.freeradbiomed.2014.10.759
https://doi.org/10.4067/S0717-95022007000400004
https://doi.org/10.4067/S0717-95022007000400004
https://doi.org/10.1021/jf00064a043
https://doi.org/10.1021/jf00064a043

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Nations FaAOotU. Food Balances. 2021.

Bryngelsson D, Wirsenius S, Hedenus F, Sonesson U.
How can the EU climate targets be met? A combined
analysis of technological and demand-side changes in
food and agriculture. Food Policy. 2016;59:152-164.
doi:10.1016/j.foodpol.2015.12.012.

Davison TM, Black JL, Moss JF. Red meat—an essential
partner to reduce global greenhouse gas emissions.
Anim Front. 2020;10(4):14-21. doi:10.1093/af/vfaa035.
Mafra D, Borges NA, Cardozo L, Anjos JS, Black AP,
Moraes C, Bergman P, Lindholm B, Stenvinkel P. Red
meat intake in chronic kidney disease patients: Two
sides of the coin. Nutrition. 2018;46:26-32. doi:10.
1016/j.nut.2017.08.015.

Wang Y, Uffelman CN, Bergia RE, Clark CM, Reed ]B,
Cross TL, Lindemann SR, Tang M, Campbell WW.
Meat consumption and gut microbiota: a scoping
review of literature and systematic review of rando-
mized controlled trials in adults. Adv Nutr. 2023;14
(2):215-237. doi:10.1016/j.advnut.2022.10.005.

Farvid MS, Sidahmed E, Spence ND, Mante Angua K,
Rosner BA, Barnett JB. Consumption of red meat and
processed meat and cancer incidence: a systematic
review and meta-analysis of prospective studies. Eur
J Epidemiol. 2021;36(9):937-951. doi:10.1007/s10654-
021-00741-9.

Ley SH, Sun Q, Willett WC, Eliassen AH, Wu K, Pan A,
Grodstein F, Hu FB. Associations between red meat
intake and biomarkers of inflammation and glucose
metabolism in women. Am J Clin Nutr. 2014;99
(2):352-360. doi:10.3945/ajcn.113.075663.

Poore GD, Kopylova E, Zhu Q, Carpenter C, Fraraccio S,
Wandro S, Kosciolek T, Janssen S, Metcalf J, Song SJ. et al.
Microbiome analyses of blood and tissues suggest cancer
diagnostic approach. Nature. 2020;579(7800):567-574.
doi:10.1038/s41586-020-2095-1.

Craven H, McGuinness D, Buchanan S, Galbraith N,
McGuinness DH, Jones B, Combet E, Mafra D,
Bergman P, Ellaway A. et al. Socioeconomic position
links circulatory microbiota differences with biological
age. Sci Rep. 2021;11(1):12629. doi:10.1038/s41598-
021-92042-0.

Buffa JA, Romano KA, Copeland MF, Cody DB,
Zhu W, Galvez R, Fu X, Ward K, Ferrell M, Dai HJ.
et al. The microbial gbu gene cluster links cardiovascu-
lar disease risk associated with red meat consumption
to microbiota L-carnitine catabolism. Nat Microbiol.
2022;7(1):73-86. d0i:10.1038/s41564-021-01010-x.
Vaziri ND. CKD impairs barrier function and alters
microbial flora of the intestine: a major link to inflam-
mation and uremic toxicity. Curr Opin Nephrol
Hypertens. 2012;21(6):587-592. doi:10.1097/MNH.
0b013e328358c8d5.

Craven H, Erlandsson H, McGuinness D,
McGuinness DH, Mafra D, Ijaz UZ, Bergman P,
Shiels P, Stenvinkel P. A normative microbiome is not

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

GUT MICROBES (&) 19

restored following kidney transplantation. Clin Sci (Lond).
2023;137(20):1563-1575. doi:10.1042/CS20230779.
Wang M, Li XS, Wang Z, de Oliveira Otto MC,
Lemaitre RN, Fretts A, Sotoodehnia N, Budoff M,
Nemet I, DiDonato JA. et al. Trimethylamine N-oxide
is associated with long-term mortality risk: the
multi-ethnic study of atherosclerosis. Eur Heart J.
2023;44(18):1608-1618. doi:10.1093/eurheartj/ehad089.
McClelland R, Christensen K, Mohammed S,
McGuinness D, Cooney J, Bakshi A, Demou E,
MacDonald E, Caslake M, Stenvinkel P.
Accelerated ageing and renal dysfunction links lower
socioeconomic status and dietary phosphate intake.
Aging (Albany NY). 2016;8(5):1135-1149. doi:10.
18632/aging.100948.

Lim Y], Sidor NA, Tonial NC, Che A, Urquhart BL.
Uremic toxins in the progression of chronic kidney
disease and cardiovascular disease: mechanisms and
therapeutic targets. Toxins. 2021;13(2):142. doi:10.
3390/toxins13020142.

Cao C,Zhu H, Yao Y, Zeng R. Gut dysbiosis and kidney
diseases. Front Med. 2022;9:829349. doi:10.3389/fmed.
2022.829349.

Dou L, Jourde-Chiche N, Faure V, Cerini C, Berland Y,
Dignat-George F, Brunet P. The uremic solute indoxyl

et al.

sulfate induces oxidative stress in endothelial cells.
] Thromb Haemost. 2007;5(6):1302-1308. doi:10.
1111/j.1538-7836.2007.02540.x.

Sun CY, Chang SC, Wu MS. Uremic toxins induce
kidney fibrosis by activating intrarenal renin-angioten-
sin-aldosterone system associated epithelial-to-
mesenchymal transition. PloS One. 2012;7(3):e34026.
doi:10.1371/journal.pone.0034026.

Li T, Gua C, Wu B, Chen Y. Increased circulating
trimethylamine N-oxide contributes to endothelial dys-
function in a rat model of chronic kidney disease.
Biochem  Biophys Res Commun. 2018;495
(2):2071-2077. doi:10.1016/j.bbrc.2017.12.069.

Six I, Flissi N, Lenglet G, Louvet L, Kamel S, Gallet M,
Massy ZA, Liabeuf S. Uremic toxins and vascular
dysfunction. Toxins. 2020;12(6):12. doi:10.3390/tox
ins12060404.

Nemet I, Saha PP, Gupta N, Zhu W, Romano KA,
Skye SM, Cajka T, Mohan ML, Li L, Wu Y. et al.
A cardiovascular disease-linked gut microbial metabo-
lite acts via adrenergic receptors. Cell. 2020;180(5):862-
77.€22. d0i:10.1016/j.cell.2020.02.016.

Dai L, Schurgers L], Shiels PG, Stenvinkel P. Early
vascular ageing in chronic kidney disease: impact of
inflammation, vitamin K, senescence and genomic
damage. Nephrol Dial Transplant. 2020;35
(Supplement_2):1i31-ii37. doi:10.1093/ndt/gfaa006.
Cobo G, Lindholm B, Stenvinkel P. Chronic inflamma-
tion in end-stage renal disease and dialysis. Nephrol
Dial Transplant. 2018;33(suppl_3):iii35-iii40. doi:10.
1093/ndt/gfy175.


https://doi.org/10.1016/j.foodpol.2015.12.012
https://doi.org/10.1093/af/vfaa035
https://doi.org/10.1016/j.nut.2017.08.015
https://doi.org/10.1016/j.nut.2017.08.015
https://doi.org/10.1016/j.advnut.2022.10.005
https://doi.org/10.1007/s10654-021-00741-9
https://doi.org/10.1007/s10654-021-00741-9
https://doi.org/10.3945/ajcn.113.075663
https://doi.org/10.1038/s41586-020-2095-1
https://doi.org/10.1038/s41598-021-92042-0
https://doi.org/10.1038/s41598-021-92042-0
https://doi.org/10.1038/s41564-021-01010-x
https://doi.org/10.1097/MNH.0b013e328358c8d5
https://doi.org/10.1097/MNH.0b013e328358c8d5
https://doi.org/10.1042/CS20230779
https://doi.org/10.1093/eurheartj/ehad089
https://doi.org/10.18632/aging.100948
https://doi.org/10.18632/aging.100948
https://doi.org/10.3390/toxins13020142
https://doi.org/10.3390/toxins13020142
https://doi.org/10.3389/fmed.2022.829349
https://doi.org/10.3389/fmed.2022.829349
https://doi.org/10.1111/j.1538-7836.2007.02540.x
https://doi.org/10.1111/j.1538-7836.2007.02540.x
https://doi.org/10.1371/journal.pone.0034026
https://doi.org/10.1016/j.bbrc.2017.12.069
https://doi.org/10.3390/toxins12060404
https://doi.org/10.3390/toxins12060404
https://doi.org/10.1016/j.cell.2020.02.016
https://doi.org/10.1093/ndt/gfaa006
https://doi.org/10.1093/ndt/gfy175
https://doi.org/10.1093/ndt/gfy175

20 A. SCHWARZ ET AL.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Kovesdy CP. Epidemiology of chronic kidney disease:
an update 2022. Kidney Int Suppl. 2022;12(1):7-11.
2011. doi:10.1016/j.kisu.2021.11.003.

Jankowski J, Floege J, Fliser D, Bohm M, Marx N.
Cardiovascular disease in chronic kidney disease:
pathophysiological insights and therapeutic options.
Circulation. 2021;143(11):1157-1172. doi:10.1161/
CIRCULATIONAHA.120.050686.

Harlacher E, Wollenhaupt J, Baaten CCFM, Noels H.
Impact of uremic toxins on endothelial dysfunction in
chronic kidney disease: a systematic review. IJMS.
2022;23(1):23. do0i:10.3390/ijms23010531.

Filipska I, Winiarska A, Knysak M, Stompoér T.
Contribution of gut microbiota-derived uremic toxins
to the cardiovascular system mineralization. Toxins.
2021;13(4):274. doi:10.3390/toxins13040274.

Yamada S, Giachelli CM. Vascular calcification in
CKD-MBD: Roles for phosphate, FGF23, and Klotho.
Bone. 2017;100:87-93. doi:10.1016/j.bone.2016.11.012.
Burke SK. Phosphate is a uremic toxin. ] Ren Nutr.
2008;18(1):27-32. doi:10.1053/.jrn.2007.10.007.
Duque EJ, Elias RM, Moysés RMA. Parathyroid hor-
mone: a uremic toxin. Toxins. 2020;12(3):12. doi:10.
3390/toxins12030189.

Yin L, Li X, Ghosh S, Xie C, Chen J, Huang H. Role of
gut microbiota-derived metabolites on vascular calcifi-
cation in CKD. J Cell Mol Med. 2021;25(3):1332-1341.
doi:10.1111/jemm.16230.

Zhang H, Chen J, Shen Z, Gu Y, Xu L, Hu J, Zhang X,
Ding X. Indoxyl sulfate accelerates vascular smooth
muscle cell calcification via microRNA-29b dependent
regulation of Wnt/B-catenin signaling. Toxicol Lett.
2018;284:29-36. doi:10.1016/j.toxlet.2017.11.033.
Yazdekhasti N, Brandsch C, Schmidt N, Schloesser A,
Huebbe P, Rimbach G, Stangl GI. Fish protein increases
circulating levels of trimethylamine-N-oxide and accel-
erates aortic lesion formation in apoE null mice. Mol
Nutr Food Res. 2016;60(2):358-368. doi:10.1002/mnfr.
201500537.

Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X,
Wu Y, Hazen SL. Intestinal microbial metabolism of phos-
phatidylcholine and cardiovascular risk. N Engl ] Med.
2013;368(17):1575-1584. doi:10.1056/NEJMoal109400.
Meyer KA, Benton TZ, Bennett BJ, Jacobs DR, Lloyd-
Jones DM, Gross MD, Carr JJ, Gordon-Larsen P,
Zeisel SH. Microbiota-dependent metabolite trimethy-
lamine N-Oxide and coronary artery calcium in the
Coronary Artery Risk Development in Young Adults
Study (CARDIA). ] Am Heart Assoc. 2016;5(10):
€003970. doi:10.1161/JAHA.116.003970.

Kaysen GA, Johansen KL, Chertow GM, Dalrymple LS,
Kornak J, Grimes B, Dwyer T, Chassy AW, Fiehn O.
Associations of trimethylamine N-Oxide with nutri-
tional and inflammatory biomarkers and cardiovascu-
lar outcomes in patients new to dialysis. ] Ren Nutr.
2015;25(4):351-356. doi:10.1053/}.jrn.2015.02.006.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Stubbs JR, Stedman MR, Liu S, Long ], Franchetti Y,
West RE, Prokopienko AJ, Mahnken JD, Chertow GM,
Nolin TD. et al. Trimethylamine N-Oxide and cardio-
vascular outcomes in patients with ESKD receiving
maintenance hemodialysis. Clin ] Am Soc Nephrol.
2019;14(2):261-267. doi:10.2215/CJN.06190518.
Evenepoel P, Glorieux G, Meijers B. P-cresol sulfate and
indoxyl sulfate: some clouds are gathering in the uremic
toxin sky. Kidney Int. 2017;92(6):1323-1324. doi:10.
1016/j.kint.2017.06.029.

Zeng Y, Guo M, Fang X, Teng F, Tan X, Li X, Wang M,
Long Y, Xu Y. Gut microbiota-derived trimethylamine
N-Oxide and kidney function: a systematic review and
meta-analysis. Adv Nutr. 2021;12(4):1286-1304. doi:10.
1093/advances/nmab010.

Tang WH, Wang Z, Kennedy DJ, Wu Y, Buffa JA,
Agatisa-Boyle B, Li XS, Levison BS, Hazen SL. Gut
microbiota-dependent  trimethylamine  N-oxide
(TMAO) pathway contributes to both development of
renal insufficiency and mortality risk in chronic kidney
disease. Circ Res. 2015;116(3):448-455. doi:10.1161/
CIRCRESAHA.116.305360.

Benoit SW, Ciccia EA, Devarajan P. Cystatin C as
a biomarker of chronic kidney disease: latest
developments. Expert Rev Mol Diagn. 2020;20
(10):1019-1026. doi:10.1080/14737159.2020.1768849.
Lan HY, Chung AC. TGF-f/Smad signaling in kidney
disease. Semin Nephrol. 2012;32(3):236-243. doi:10.
1016/j.semnephrol.2012.04.002.

Zhou Z, Jin H, Ju H, Sun M, Chen H, Li L. Circulating
Trimethylamine-N-Oxide and risk of all-cause and car-
diovascular mortality in patients with chronic kidney
disease: a systematic review and meta-analysis. Front
Med. 2022;9:828343. doi:10.3389/fmed.2022.828343.
Han JM, Guo L, Chen XH, Xie Q, Song XY, Ma YL.
Relationship between trimethylamine N-oxide and the
risk of hypertension in patients with cardiovascular
disease: A meta-analysis and dose-response relation-
ship analysis. Medicine (Baltimore). 2024;103(1):
€36784. doi:10.1097/MD.0000000000036784.

Wang L, Nan Y, Zhu W, Wang S. Effect of TMAO on
the incidence and prognosis of cerebral infarction:
a systematic review and meta-analysis. Front Neurol.
2023;14:1287928. doi:10.3389/fneur.2023.1287928.
Yang Y, Li X, Wang P, Shu S, Liu B, Liang Y, Yang B,
Zhao Z, Luo Q, Liu Z. et al. The significance of dynamic
monitoring plasma TMAO level in pulmonary arterial
hypertension - a cohort study. Ther Adv Respir Dis.
2024;18:17534666231224692. doi:10.1177/1753466623
1224692.

Hsu BG, Wang CH, Lin YL, Lai YH, Tsai JP. Serum
Trimethylamine N-Oxide level is associated with per-
ipheral arterial stiffness in advanced non-dialysis
chronic kidney disease patients. Toxins. 2022;14(8):14.
doi:10.3390/toxins14080526.

Gupta N, Buffa JA, Roberts AB, Sangwan N, Skye SM,
Li L, Ho K]J, Varga J, DiDonato JA, Tang WHW. et al.


https://doi.org/10.1016/j.kisu.2021.11.003
https://doi.org/10.1161/CIRCULATIONAHA.120.050686
https://doi.org/10.1161/CIRCULATIONAHA.120.050686
https://doi.org/10.3390/ijms23010531
https://doi.org/10.3390/toxins13040274
https://doi.org/10.1016/j.bone.2016.11.012
https://doi.org/10.1053/j.jrn.2007.10.007
https://doi.org/10.3390/toxins12030189
https://doi.org/10.3390/toxins12030189
https://doi.org/10.1111/jcmm.16230
https://doi.org/10.1016/j.toxlet.2017.11.033
https://doi.org/10.1002/mnfr.201500537
https://doi.org/10.1002/mnfr.201500537
https://doi.org/10.1056/NEJMoa1109400
https://doi.org/10.1161/JAHA.116.003970
https://doi.org/10.1053/j.jrn.2015.02.006
https://doi.org/10.2215/CJN.06190518
https://doi.org/10.1016/j.kint.2017.06.029
https://doi.org/10.1016/j.kint.2017.06.029
https://doi.org/10.1093/advances/nmab010
https://doi.org/10.1093/advances/nmab010
https://doi.org/10.1161/CIRCRESAHA.116.305360
https://doi.org/10.1161/CIRCRESAHA.116.305360
https://doi.org/10.1080/14737159.2020.1768849
https://doi.org/10.1016/j.semnephrol.2012.04.002
https://doi.org/10.1016/j.semnephrol.2012.04.002
https://doi.org/10.3389/fmed.2022.828343
https://doi.org/10.1097/MD.0000000000036784
https://doi.org/10.3389/fneur.2023.1287928
https://doi.org/10.1177/17534666231224692
https://doi.org/10.1177/17534666231224692
https://doi.org/10.3390/toxins14080526

94.

95.

96.

97.

98.

99.

100.

101.

102.

Targeted inhibition of gut microbial trimethylamine
N-Oxide production reduces renal tubulointerstitial
fibrosis and functional impairment in a murine model
of chronic kidney disease. Arterioscler Thromb Vasc
Biol. 2020;40(5):1239-1255. doi:10.1161/ATVBAHA.
120.314139.

Brunt VE, Casso AG, Gioscia-Ryan RA, Sapinsley Z],
Ziemba BP, Clayton ZS, Bazzoni AE, VanDongen NS,
Richey JJ, Hutton DA. et al. Gut microbiome-derived
metabolite trimethylamine N-Oxide induces aortic stif-
fening and increases systolic blood pressure with aging
in mice and humans. Hypertension. 2021;78
(2):499-511. doi:10.1161/HYPERTENSIONAHA.120.
16895.

Agus A, Planchais ], Sokol H. Gut microbiota regula-
tion of tryptophan metabolism in health and disease.
Cell Host Microbe. 2018;23(6):716-724. doi:10.1016/j.
chom.2018.05.003.

Lin X, Liang W, Li L, Xiong Q, He S, Zhao J, Guo X,
Xiang S, Zhang P, Wang H. et al. The accumulation
of gut microbiome-derived indoxyl sulfate and
P-Cresyl sulfate in patients with end-stage renal dis-
ease. ] Ren Nutr. 2022;32(5):578-586. doi:10.1053/j.
jrn.2021.09.007.

Hubbard TD, Murray IA, Perdew GH. Indole and tryp-
tophan metabolism: endogenous and dietary routes to
Ah receptor activation. Drug Metab Dispos. 2015;43
(10):1522-1535. do0i:10.1124/dmd.115.064246.

Nakano T, Katsuki S, Chen M, Decano JL, Halu A,
Lee LH, Pestana DVS, Kum AST, Kuromoto RK,
Golden WS. et al. Uremic toxin indoxyl sulfate pro-
motes proinflammatory macrophage activation via the
interplay of OATP2B1 and DIl4-Notch Signaling.
Circulation. 2019;139(1):78-96. doi:10.1161/
CIRCULATIONAHA.118.034588.

Opdebeeck B, Maudsley S, Azmi A, De Mare A, De
Leger W, Meijers B, Verhulst A, Evenepoel P,
D’Haese PC, Neven E. et al. Indoxyl sulfate and
p-cresyl sulfate promote vascular calcification and
associate with glucose intolerance. ] Am Soc Nephrol.
2019;30(5):751-766. doi:10.1681/ASN.2018060609.
Yamaguchi K, Yisireyili M, Goto S, Kato K, Cheng XW,
Nakayama T, Matsushita T, Niwa T, Murohara T,
Takeshita K. et al. Indoxyl sulfate-induced vascular
calcification is mediated through altered notch signal-
ing pathway in vascular smooth muscle cells. Int ] Med
Sci. 2020;17(17):2703-2717. doi:10.7150/ijms.43184.
Stockler-Pinto MB, Soulage CO, Borges NA,
Cardozo LFMF, Dolenga CJ, Nakao LS, Pecoits-Filho
R, Fouque D, Mafra D. From bench to the hemodialysis
clinic: protein-bound uremic toxins modulate NF-kB/
Nrf2 expression. Int Urol Nephrol. 2018;50(2):347-354.
do0i:10.1007/s11255-017-1748-y.

Goettsch C, Rauner M, Pacyna N, Hempel U,
Bornstein SR, Hofbauer LC. miR-125b regulates cal-
cification of vascular smooth muscle cells. Am

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

GUT MICROBES (&) 21

J Pathol. 2011;179(4):1594-1600. doi:10.1016/j.ajpath.
2011.06.016.

Shimizu H, Hirose Y, Goto S, Nishijima F, Zrelli H,
Zghonda N, Niwa T, Miyazaki H. Indoxyl sulfate
enhances angiotensin II signaling through upregulation
of epidermal growth factor receptor expression in vas-
cular smooth muscle cells. Life Sci. 2012;91(5-
6):172-177. doi:10.1016/j.1fs.2012.06.033.

Barreto FC, Barreto DV, Liabeuf S, Meert N,
Glorieux G, Temmar M, Choukroun G, Vanholder R,
Massy ZA. Serum indoxyl sulfate is associated with
vascular disease and mortality in chronic kidney disease
patients. Clin J Am Soc Nephrol. 2009;4
(10):1551-1558. doi:10.2215/CJN.03980609.

Muteliefu G, Enomoto A, Jiang P, Takahashi M,
Niwa T. Indoxyl sulphate induces oxidative stress and
the expression of osteoblast-specific proteins in vascu-
lar smooth muscle cells. Nephrol Dial Transplant.
2009;24(7):2051-2058. doi:10.1093/ndt/gfn757.
Muteliefu G, Shimizu H, Enomoto A, Nishijima F,
Takahashi M, Niwa T. Indoxyl sulfate promotes vascu-
lar smooth muscle cell senescence with upregulation of
P53, p21, and prelamin a through oxidative stress. Am
J Physiol Cell Physiol. 2012;303(2):C126-34. doi:10.
1152/ajpcell.00329.2011.

Schulman G, Vanholder R, Niwa T. AST-120 for the
management of progression of chronic kidney disease.
Int ] Nephrol Renovasc Dis. 2014;7:49-56. doi:10.2147/
IJNRD.S41339.

Dou L, Bertrand E, Cerini C, Faure V, Sampol J,
Vanholder R, Berland Y, Brunet P. The uremic solutes
p-cresol and indoxyl sulfate inhibit endothelial prolif-
eration and wound repair. Kidney Int. 2004;65
(2):442-451. doi:10.1111/j.1523-1755.2004.00399 x.
Wang CH, Lai YH, Kuo CH, Lin YL, Tsai JP, Hsu BG.
Association between serum indoxyl sulfate levels and
endothelial function in non-dialysis chronic kidney
disease. Toxins. 2019;11(10):11. doi:10.3390/tox
ins11100589.

Claro LM, Moreno-Amaral AN, Gadotti AC,
Dolenga CJ, Nakao LS, Azevedo MLV, de Noronha L,
Olandoski M, de Moraes T, Stinghen A. et al. The
impact of uremic toxicity induced inflammatory
response on the cardiovascular burden in chronic kid-
ney disease. Toxins. 2018;10(10):10. doi:10.3390/tox
ins10100384.

Adijiang A, Goto S, Uramoto S, Nishijima F, Niwa T.
Indoxyl sulphate promotes aortic calcification with
expression of osteoblast-specific proteins in hyperten-
sive rats. Nephrol Dial Transplant. 2008;23
(6):1892-1901. doi:10.1093/ndt/gfm861.

Gross P, Massy ZA, Henaut L, Boudot C, Cagnard J,
March C, Kamel S, Drueke TB, Six I. Para-cresyl sulfate
acutely impairs vascular reactivity and induces vascular
remodeling. J Cell Physiol. 2015;230(12):2927-2935.
d0i:10.1002/jcp.25018.


https://doi.org/10.1161/ATVBAHA.120.314139
https://doi.org/10.1161/ATVBAHA.120.314139
https://doi.org/10.1161/HYPERTENSIONAHA.120.16895
https://doi.org/10.1161/HYPERTENSIONAHA.120.16895
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1053/j.jrn.2021.09.007
https://doi.org/10.1053/j.jrn.2021.09.007
https://doi.org/10.1124/dmd.115.064246
https://doi.org/10.1161/CIRCULATIONAHA.118.034588
https://doi.org/10.1161/CIRCULATIONAHA.118.034588
https://doi.org/10.1681/ASN.2018060609
https://doi.org/10.7150/ijms.43184
https://doi.org/10.1007/s11255-017-1748-y
https://doi.org/10.1016/j.ajpath.2011.06.016
https://doi.org/10.1016/j.ajpath.2011.06.016
https://doi.org/10.1016/j.lfs.2012.06.033
https://doi.org/10.2215/CJN.03980609
https://doi.org/10.1093/ndt/gfn757
https://doi.org/10.1152/ajpcell.00329.2011
https://doi.org/10.1152/ajpcell.00329.2011
https://doi.org/10.2147/IJNRD.S41339
https://doi.org/10.2147/IJNRD.S41339
https://doi.org/10.1111/j.1523-1755.2004.00399.x
https://doi.org/10.3390/toxins11100589
https://doi.org/10.3390/toxins11100589
https://doi.org/10.3390/toxins10100384
https://doi.org/10.3390/toxins10100384
https://doi.org/10.1093/ndt/gfm861
https://doi.org/10.1002/jcp.25018

22 (&) A SCHWARZETAL.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Lai YH, Wang CH, Kuo CH, Lin YL, Tsai JP, Hsu BG.
Serum P-cresyl sulfate is a predictor of central arterial
stiffness in patients on maintenance hemodialysis.
Toxins. 2019;12(1):12. doi:10.3390/toxins12010010.
Wu IW, Hsu KH, Lee CC, Sun CY, Hsu HJ, Tsai CJ,
Tzen C-Y, Wang Y-C, Lin C-Y, Wu M-S. et al. P-Cresyl
sulphate and indoxyl sulphate predict progression of
chronic kidney disease. Nephrol Dial Transplant.
2011;26(3):938-947. doi:10.1093/ndt/gfq580.
Watanabe H, Miyamoto Y, Honda D, Tanaka H, Wu Q,
Endo M, Noguchi T, Kadowaki D, Ishima Y, Kotani S.
et al. P-Cresyl sulfate causes renal tubular cell damage
by inducing oxidative stress by activation of NADPH
oxidase. Kidney Int. 2013;83(4):582-592. doi:10.1038/
ki.2012.448.

Liabeuf S, Barreto DV, Barreto FC, Meert N,
Glorieux G, Schepers E, Temmar M, Choukroun G,
Vanholder R, Massy ZA. et al. Free p-cresylsulphate is
a predictor of mortality in patients at different stages of
chronic kidney disease. Nephrol Dial Transplant.
2010;25(4):1183-1191. d0i:10.1093/ndt/gfp592.

Rossi M, Campbell KL, Johnson DW, Stanton T,
Vesey DA, Coombes JS, Weston KS, Hawley CM,
McWhinney BC, Ungerer JPJ. et al. Protein-bound
uremic toxins, inflammation and oxidative stress:
a cross-sectional study in stage 3-4 chronic kidney
disease. Arch Med Res. 2014;45(4):309-317. doi:10.
1016/j.arcmed.2014.04.002.

Vanholder R, Schepers E, Pletinck A, Nagler EV,
Glorieux G. The uremic toxicity of indoxyl sulfate and
p-cresyl sulfate: a systematic review. ] Am Soc Nephrol.
2014;25(9):1897-1907. doi:10.1681/ASN.2013101062.
Asano Y, Nakazawa A, Endo K, Hibino Y, Ohmori M,
Numao N, Kondo K. Phenylalanine dehydrogenase of
Bacillus badius. Purification, characterization and gene
cloning. Eur ] Biochem. 1987;168(1):153-159. doi:10.
1111/j.1432-1033.1987.tb13399.x.

Mavrides C, Orr W. Multispecific aspartate and aro-
matic amino acid aminotransferases in Escherichia coli.
J Biol Chem. 1975;250(11):4128-4133. do0i:10.1016/
S0021-9258(19)41395-1.

Smith EA, Macfarlane GT. Formation of phenolic and
indolic compounds by anaerobic bacteria in the human
large intestine. Microb Ecol. 1997;33(3):180-188.
doi:10.1007/s002489900020.

Mayrand D. Identification of clinical isolates of selected
species of bacteroides: production of phenylacetic acid.
Can ] Microbiol. 1979;25(8):927-928. doi:10.1139/
m79-138.

Bhuiyan MS, Ellett F, Murray GL, Kostoulias X,
Cerqueira GM, Schulze KE, Mahamad Maifiah MH,
Li J, Creek DJ, Lieschke GJ. et al. Acinetobacter bau-
mannii phenylacetic acid metabolism influences infec-
tion outcome through a direct effect on neutrophil
chemotaxis. Proc Natl Acad Sci U S A. 20165113
(34):9599-9604. doi:10.1073/pnas.1523116113.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Scott T, Ward P, Dawson R. The formation and meta-
bolism of phenyl-substituted fatty acids in the
ruminant. Biochem J. 1964;90(1):12-24. do0i:10.1042/
bj0900012.

Poesen R, Claes K, Evenepoel P, de Loor H,
Augustijns P, Kuypers D, Meijers B. Microbiota-
derived phenylacetylglutamine associates with overall
mortality and cardiovascular disease in patients with
CKD. J Am Soc Nephrol. 2016;27(11):3479-3487.
doi:10.1681/ASN.2015121302.

Liu Y, Liu S, Zhao Z, Song X, Qu H, Liu H.
Phenylacetylglutamine is associated with the degree of
coronary atherosclerotic severity assessed by coronary
computed tomographic angiography in patients with sus-
pected coronary artery disease. Atherosclerosis.
2021;333:75-82. doi:10.1016/j.atherosclerosis.2021.08.029 .
Ottosson F, Brunkwall L, Smith E, Orho-Melander M,
Nilsson PM, Fernandez C, Melander O. The gut
microbiota-related metabolite phenylacetylglutamine
associates with increased risk of incident coronary
artery disease. ] Hypertens. 2020;38(12):2427-2434.
doi:10.1097/HJH.0000000000002569.

Pan W, Kang Y. Gut microbiota and chronic kidney
disease: implications for novel mechanistic insights and
therapeutic strategies. Int Urol Nephrol. 2018;50
(2):289-299. doi:10.1007/s11255-017-1689-5.
Franceschi C, Garagnani P, Parini P, Giuliani C,
Santoro A. Inflammaging: a new immune-metabolic
viewpoint for age-related diseases. Nat Rev
Endocrinol. 2018;14(10):576-590. doi:10.1038/s41574-
018-0059-4.

Hobson S, Arefin S, Witasp A, Hernandez L,
Kublickiene K, Shiels PG, Stenvinkel P. Accelerated
vascular aging in chronic kidney disease: the potential
for novel therapies. Circ Res. 2023;132(8):950-969.
doi:10.1161/CIRCRESAHA.122.321751.

Kooman JP, Kotanko P, Schols AM, Shiels PG,
Stenvinkel P. Chronic kidney disease and premature
ageing. Nat Rev Nephrol. 2014;10(12):732-742. doi:10.
1038/nrneph.2014.185.

Stenvinkel P, Larsson TE. Chronic kidney disease:
a clinical model of premature aging. Am J Kidney Dis.
2013;62(2):339-351. doi:10.1053/j.ajkd.2012.11.051.
Jovanovich A, Isakova T, Stubbs J. Microbiome and
Cardiovascular Disease in CKD. Clin J] Am Soc
Nephrol. 2018;13(10):1598-1604. doi:10.2215/CJN.
12691117.

Erlinger TP, Tarver-Carr ME, Powe NR, Appel L],
Coresh J, Eberhardt MS, Brancati FL. Leukocytosis,
hypoalbuminemia, and the risk for chronic kidney dis-
ease in US adults. Am ] Kidney Dis. 2003;42
(2):256-263. doi:10.1016/S0272-6386(03)00650-4.
Fried L, Solomon C, Shlipak M, Seliger S, Stehman-
Breen C, Bleyer A], Chaves P, Furberg C, Kuller L,
Newman A. et al. Inflammatory and prothrombotic
markers and the progression of renal disease in elderly


https://doi.org/10.3390/toxins12010010
https://doi.org/10.1093/ndt/gfq580
https://doi.org/10.1038/ki.2012.448
https://doi.org/10.1038/ki.2012.448
https://doi.org/10.1093/ndt/gfp592
https://doi.org/10.1016/j.arcmed.2014.04.002
https://doi.org/10.1016/j.arcmed.2014.04.002
https://doi.org/10.1681/ASN.2013101062
https://doi.org/10.1111/j.1432-1033.1987.tb13399.x
https://doi.org/10.1111/j.1432-1033.1987.tb13399.x
https://doi.org/10.1016/S0021-9258(19)41395-1
https://doi.org/10.1016/S0021-9258(19)41395-1
https://doi.org/10.1007/s002489900020
https://doi.org/10.1139/m79-138
https://doi.org/10.1139/m79-138
https://doi.org/10.1073/pnas.1523116113
https://doi.org/10.1042/bj0900012
https://doi.org/10.1042/bj0900012
https://doi.org/10.1681/ASN.2015121302
https://doi.org/10.1016/j.atherosclerosis.2021.08.029
https://doi.org/10.1097/HJH.0000000000002569
https://doi.org/10.1007/s11255-017-1689-5
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1161/CIRCRESAHA.122.321751
https://doi.org/10.1038/nrneph.2014.185
https://doi.org/10.1038/nrneph.2014.185
https://doi.org/10.1053/j.ajkd.2012.11.051
https://doi.org/10.2215/CJN.12691117
https://doi.org/10.2215/CJN.12691117
https://doi.org/10.1016/S0272-6386(03)00650-4

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

individuals. ] Am Soc Nephrol. 2004;15(12):3184-3191.
doi:10.1097/01.ASN.0000146422.45434.35.

Kshirsagar AV, Bomback AS, Bang H, Gerber LM,
Vupputuri S, Shoham DA, Mazumdar M,
Ballantyne CM, Paparello JJ, Klemmer PJ. et al.
Association of C-reactive protein and microalbuminuria
(from the National Health and Nutrition Examination
Surveys, 1999 to 2004). Am ] Cardiol. 2008;101
(3):401-406. doi:10.1016/j.amjcard.2007.08.041.

Tripepi G, Mallamaci F, Zoccali C. Inflammation mar-
kers, adhesion molecules, and all-cause and cardiovas-
cular mortality in patients with ESRD: searching for the
best risk marker by multivariate modeling. ] Am Soc
Nephrol. 2005;16 Suppl 1(3_suppl 1):S83-8. doi:10.
1681/ASN.2004110972.

Yang T, Richards EM, Pepine CJ, Raizada MK. The gut
microbiota and the brain-gut-kidney axis in hyperten-
sion and chronic kidney disease. Nat Rev Nephrol.
2018;14(7):442-456. doi:10.1038/s41581-018-0018-2.
Bistoletti M, Bosi A, Banfi D, Giaroni C, Baj A. The
microbiota-gut-brain axis: Focus on the fundamental
communication pathways. Prog Mol Biol Transl Sci.
2020;176:43-110.

Vallianou NG, Mitesh S, Gkogkou A, Geladari E.
Chronic kidney disease and cardiovascular disease: is
there any relationship? Curr Cardiol Rev. 2019;15
(1):55-63. d0i:10.2174/1573403X14666180711124825.
Sabatino A, Regolisti G, Cosola C, Gesualdo L,
Fiaccadori E. Intestinal microbiota in type 2 diabetes
and chronic kidney disease. Curr Diab Rep. 2017;17
(3):16. doi:10.1007/s11892-017-0841-z.

Brito JS, Borges NA, Esgalhado M, Magliano DAC,
Soulage CO, Mafra D. Aryl hydrocarbon receptor acti-
vation in chronic kidney disease: role of uremic toxins.
NEF. 2017;137(1):1-7. d0i:10.1159/000476074.
Salvadori M, Tsalouchos A. Microbiota, renal disease
and renal transplantation. World J Transplant. 2021;11
(3):16-36. d0i:10.5500/wjt.v11.i3.16.

Hobson S, Arefin S, Rahman A, Hernandez L, Ebert T,
de Loor H, Evenepoel P, Stenvinkel P, Kublickiene K.
Indoxyl sulphate retention is associated with microvas-

cular  endothelial  dysfunction after kidney
transplantation. Int ] Mol Sci. 2023;24(4):3640. doi:10.
3390/ijms24043640.

Bobot M, Thomas L, Moyon A, Fernandez S, McKay N,
Balasse L, Garrigue P, Brige P, Chopinet S, Poitevin S.
et al. Uremic toxic blood-brain barrier disruption
mediated by ahr activation leads to cognitive impair-
ment during experimental renal dysfunction. ] Am Soc
Nephrol. 2020;31(7):1509-1521. doi:10.1681/ASN.
2019070728.

Cryan JF, Dinan TG. Mind-altering microorganisms:
the impact of the gut microbiota on brain and
behaviour. Nat Rev Neurosci. 2012;13(10):701-712.
doi:10.1038/nrn3346.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

GUT MICROBES (&) 23

Osadchiy V, Martin CR, Mayer EA. Gut Microbiome
and Modulation of CNS Function. Compr Physiol.
2019;10:57-72.

Jasarevi¢ E, Morrison KE, Bale TL. Sex differences in
the gut microbiome-brain axis across the lifespan. Phil
Trans R Soc B. 2016;371(1688):20150122. doi:10.1098/
rstb.2015.0122.

Erny D, Hrabé de Angelis AL, Jaitin D, Wieghofer P,
Staszewski O, David E, Keren-Shaul H, Mahlakoiv T,
Jakobshagen K, Buch T. et al. Host microbiota con-
stantly control maturation and function of microglia
in the CNS. Nat Neurosci. 2015;18(7):965-977. doi:10.
1038/nn.4030.

Li Y, Hao Y, Fan F, Zhang B. The role of microbiome in
insomnia, circadian disturbance and depression. Front
Psychiatry. 2018;9:669. doi:10.3389/fpsyt.2018.00669.
Flikkema J. The relationship between the gut micro-
biome and sleep examined through associated human
disease. 2022.

Bailey MT, Cryan JF. The microbiome as a key regula-
tor of brain, behavior and immunity: Commentary on
the 2017 named series. Brain Behav Immun.
2017;66:18-22. doi:10.1016/j.bbi.2017.08.017.

Sharma P, Agrawal A. Does modern research validate the
ancient wisdom of gut flora and brain connection?
A literature review of gut dysbiosis in neurological and
neurosurgical disorders over the last decade. Neurosurg
Rev. 2022;45(1):27-48. doi:10.1007/s10143-021-01516-2.
ChenJJ, Zheng P, Liu YY, Zhong XG, Wang HY, Guo Y],
Xie P. Sex differences in gut microbiota in patients with
major depressive disorder. Neuropsychiatr Dis Treat.
2018;14:647-655. doi:10.2147/NDT.S159322.

Agganis BT, Weiner DE, Giang LM, Scott T,
Tighiouart H, Griffith JL, Sarnak M]J. Depression and
cognitive function in maintenance hemodialysis
patients. Am ] Kidney Dis. 2010;56(4):704-712.
doi:10.1053/j.ajkd.2010.04.018.

Amira O. Prevalence of symptoms of depression among
patients with chronic kidney disease. Niger J Clin Pract.
2011;14(4):460-463. doi:10.4103/1119-3077.91756.
Bautovich A, Katz I, Smith M, Loo CK, Harvey SB.
Depression and chronic kidney disease: A review for
clinicians. Aust N Z J Psychiatry. 2014;48(6):530-541.
doi:10.1177/0004867414528589.

Shirazian S. Depression in CKD: Understanding the
mechanisms of disease. Kidney Int Rep. 2019;4
(2):189-190. doi:10.1016/j.ekir.2018.11.013.

Pistollato F, Sumalla Cano S, Elio I, Masias Vergara M,
Giampieri F, Battino M. Role of gut microbiota and
nutrients in amyloid formation and pathogenesis of
Alzheimer disease. Nutr Rev. 2016;74(10):624-634.
doi:10.1093/nutrit/nuw023.

Daulatzai MA. Chronic functional bowel syndrome
enhances gut-brain axis dysfunction, neuroinflamma-
tion, cognitive impairment, and vulnerability to


https://doi.org/10.1097/01.ASN.0000146422.45434.35
https://doi.org/10.1016/j.amjcard.2007.08.041
https://doi.org/10.1681/ASN.2004110972
https://doi.org/10.1681/ASN.2004110972
https://doi.org/10.1038/s41581-018-0018-2
https://doi.org/10.2174/1573403X14666180711124825
https://doi.org/10.1007/s11892-017-0841-z
https://doi.org/10.1159/000476074
https://doi.org/10.5500/wjt.v11.i3.16
https://doi.org/10.3390/ijms24043640
https://doi.org/10.3390/ijms24043640
https://doi.org/10.1681/ASN.2019070728
https://doi.org/10.1681/ASN.2019070728
https://doi.org/10.1038/nrn3346
https://doi.org/10.1098/rstb.2015.0122
https://doi.org/10.1098/rstb.2015.0122
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/nn.4030
https://doi.org/10.3389/fpsyt.2018.00669
https://doi.org/10.1016/j.bbi.2017.08.017
https://doi.org/10.1007/s10143-021-01516-2
https://doi.org/10.2147/NDT.S159322
https://doi.org/10.1053/j.ajkd.2010.04.018
https://doi.org/10.4103/1119-3077.91756
https://doi.org/10.1177/0004867414528589
https://doi.org/10.1016/j.ekir.2018.11.013
https://doi.org/10.1093/nutrit/nuw023

2 A. SCHWARZ ET AL.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

dementia. Neurochem Res. 2014;39(4):624-644. doi:10.
1007/s11064-014-1266-6.

Tang W, Zhu H, Feng Y, Guo R, Wan D. The impact of
gut microbiota disorders on the blood-brain barrier.
Infect Drug Resist. 2020;13:3351-3363. doi:10.2147/
IDR.S254403.

de Weerth C. Do bacteria shape our development?
Crosstalk between intestinal microbiota and HPA axis.
Neurosci Biobehav Rev. 2017;83:458-471. doi:10.1016/
j.neubiorev.2017.09.016.

Bravo JA, Forsythe P, Chew MYV, Escaravage E,
Savignac HM, Dinan TG, Bienenstock ], Cryan JF.
Ingestion of Lactobacillus strain regulates emotional beha-
vior and central GABA receptor expression in a mouse via
the vagus nerve. Proc Natl Acad Sci USA. 2011;108
(38):16050-16055. doi:10.1073/pnas.1102999108.

Sudo N. Microbiome, HPA axis and production of
endocrine hormones in the gut. Adv Exp Med Biol.
2014;817:177-194.

Strandwitz P. Neurotransmitter modulation by the gut
microbiota. Brain Res. 2018;1693:128-133. doi:10.1016/
j.brainres.2018.03.015.

Sorboni SG, Moghaddam HS, Jafarzadeh-Esfehani R,
Soleimanpour S. A comprehensive review on the role of
the gut microbiome in human neurological disorders.
Clin Microbiol Rev. 2022;35(1):€0033820. doi:10.1128/
CMR.00338-20.

Ozogul F. Production of biogenic amines by
Morganella morganii, Klebsiella pneumoniae and
Hafnia alvei using a rapid HPLC method. Eur Food
Res Technol. 2004;219(5):465-469. doi:10.1007/
s00217-004-0988-0.

Wall R, Cryan JF, Ross RP, Fitzgerald GF, Dinan TG,
Stanton C. Bacterial neuroactive compounds produced
by psychobiotics. Adv Exp Med Biol. 2014;817:221-239.
Barandouzi ZA, Lee J, Del Carmen Rosas M, Chen J,
Henderson WA, AR, Cong XS.
Associations of neurotransmitters and the gut micro-

Starkweather

biome with emotional distress in mixed type of irritable
bowel syndrome. Sci Rep. 2022;12(1):1648. doi:10.1038/
$41598-022-05756-0.

Tette FM, Kwofie SK, Wilson MD. Therapeutic
anti-depressant potential of microbial GABA produced
by lactobacillus thamnosus strains for GABAergic sig-
naling restoration and inhibition of addiction-induced
HPA axis hyperactivity. Curr Issues Mol Biol. 2022;44
(4):1434-1451. doi:10.3390/cimb44040096.

Bercik P, Park AJ, Sinclair D, Khoshdel A, Lu J,
Huang X, Deng Y, Blennerhassett PA, Fahnestock M,
Moine D. et al. The anxiolytic effect of Bifidobacterium
longum NCC3001
gut-brain communication. Neurogastroenterol Motil.
2011;23(12):1132-1139. doi:10.1111/j.1365-2982.2011.
01796.x.

Park SJ, Kim DH, Kang HJ, Shin M, Yang S-Y, Yang J,
Jung YH. Enhanced production of y-aminobutyric acid
(GABA) using Lactobacillus plantarum EJ2014 with

involves vagal pathways for

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

simple medium composition. LWT. 2021;137:110443.
doi:10.1016/j.1wt.2020.110443.

Yano Y, O’'Donnell CJ, Kuller L, Kavousi M, Erbel R,
Ning H, D’Agostino R, Newman AB, Nasir K,
Hofman A. et al. Association of coronary artery calcium
score vs age with cardiovascular risk in older adults: an
analysis of pooled population-based studies. JAMA
Cardiol. 2017;2(9):986-994. doi:10.1001/jamacardio.
2017.2498.

Sharon G, Sampson TR, Geschwind DH,
Mazmanian SK. The central nervous system and the
gut microbiome. Cell. 2016;167(4):915-932. doi:10.
1016/j.cell.2016.10.027.

Braniste V, Al-Asmakh M, Kowal C, Anuar F,
Abbaspour A, Toth M, Korecka A, Bakocevic N,
Ng LG, Kundu P. et al. The gut microbiota influences
blood-brain barrier permeability in mice. Sci Transl
Med. 2014;6(263):263ral58. doi:10.1126/scitranslmed.
3009759.

Dong F, Perdew GH. The aryl hydrocarbon receptor as
a mediator of host-microbiota interplay. Gut Microbes.
2020;12(1):1859812. doi:10.1080/19490976.2020.
1859812.

Adelibieke Y, Shimizu H, Muteliefu G, Bolati D,
Niwa T. Indoxyl sulfate induces endothelial cell senes-
cence by increasing reactive oxygen species production
and p53 activity. ] Ren Nutr. 2012;22(1):86-89. doi:10.
1053/1.jrn.2011.10.027.

Colombo G, Astori E, Landoni L, Garavaglia ML,
Altomare A, Lionetti MC, Gagliano N, Giustarini D,
Rossi R, Milzani A. et al. Effects of the uremic toxin
indoxyl sulphate on human microvascular endothelial
cells. J Appl Toxicol. 2022;42(12):1948-1961. doi:10.
1002/jat.4366.

Nakagawa K, Itoya M, Takemoto N, Matsuura Y,
Tawa M, Matsumura Y, Ohkita M. Indoxyl sulfate
induces ROS production via the aryl hydrocarbon
receptor-NADPH oxidase pathway and inactivates
NO in vascular tissues. Life Sci. 2021;265:118807.
doi:10.1016/.1f5.2020.118807.

Moon Y, Lim C, Kim Y, Moon WJ. Sex-related differ-
ences in regional blood-brain barrier integrity in non-
demented elderly subjects. Int ] Mol Sci. 2021;22(6):22.
doi:10.3390/ijms22062860.

Lai Y-R, Cheng B-C, Lin C-N, Chiu W-C, Lin T-Y,
Chiang H-C, Kuo CEA, Huang C-C, Lu C-H. The
effects of indoxyl sulfate and oxidative stress on the
severity of peripheral nerve dysfunction in patients
with chronic kidney diseases. Antioxidants. 2022;11
(12):2350. doi:10.3390/antiox11122350.

Navar E, Benayoun BA, Sampathkumar N, Chae ]J.
Investigating the role of Ahr in mediating sex differ-
ences of aging macrophages. Innov Aging. 2019;3
(Supplement_1):5836. doi:10.1093/geroni/igz038.3080.
Pluznick JL. Microbial short-chain fatty acids and blood
pressure regulation. Curr Hypertens Rep. 2017;19
(4):25. doi:10.1007/s11906-017-0722-5.


https://doi.org/10.1007/s11064-014-1266-6
https://doi.org/10.1007/s11064-014-1266-6
https://doi.org/10.2147/IDR.S254403
https://doi.org/10.2147/IDR.S254403
https://doi.org/10.1016/j.neubiorev.2017.09.016
https://doi.org/10.1016/j.neubiorev.2017.09.016
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1128/CMR.00338-20
https://doi.org/10.1128/CMR.00338-20
https://doi.org/10.1007/s00217-004-0988-0
https://doi.org/10.1007/s00217-004-0988-0
https://doi.org/10.1038/s41598-022-05756-0
https://doi.org/10.1038/s41598-022-05756-0
https://doi.org/10.3390/cimb44040096
https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://doi.org/10.1016/j.lwt.2020.110443
https://doi.org/10.1001/jamacardio.2017.2498
https://doi.org/10.1001/jamacardio.2017.2498
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1080/19490976.2020.1859812
https://doi.org/10.1080/19490976.2020.1859812
https://doi.org/10.1053/j.jrn.2011.10.027
https://doi.org/10.1053/j.jrn.2011.10.027
https://doi.org/10.1002/jat.4366
https://doi.org/10.1002/jat.4366
https://doi.org/10.1016/j.lfs.2020.118807
https://doi.org/10.3390/ijms22062860
https://doi.org/10.3390/antiox11122350
https://doi.org/10.1093/geroni/igz038.3080
https://doi.org/10.1007/s11906-017-0722-5

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

WuY, Xu H, Tu X, Gao Z. The role of short-chain fatty
acids of gut microbiota origin in hypertension. Front
Microbiol. 2021;12:730809. doi:10.3389/fmicb.2021.
730809.

Poll BG, Cheema MU, Pluznick JL. Gut microbial meta-
bolites and blood pressure regulation: focus on SCFAs
and TMAO. Physiology (Bethesda). 2020;35
(4):275-284. doi:10.1152/physiol.00004.2020.

Wehedy E, Shatat IF, Al Khodor S. The human micro-
biome in chronic kidney disease: a double-edged sword.
Front Med. 2021;8:790783. doi:10.3389/fmed.2021.
790783.

Gryp T, Huys GRB, Joossens M, Van Biesen W,
Glorieux G, Vaneechoutte M. Isolation and quantifica-
tion of uremic toxin precursor-generating gut bacteria
in chronic kidney disease patients. Int J Mol Sci.
2020;21(6):21. doi:10.3390/ijms21061986.

Massy ZA, Chesnaye NC, Larabi IA, Dekker FW,
Evans M, Caskey FJ, Torino C, Porto G, Szymczak M,
Drechsler C. et al. The relationship between uremic
toxins and symptoms in older men and women with
advanced chronic kidney disease. Clin Kidney J.
2022;15(4):798-807. doi:10.1093/ckj/sfab262.

Fricke WF, Maddox C, Song Y, Bromberg JS. Human
microbiota characterization in the course of renal
transplantation. Am ] Transplant. 2014;14(2):416-427.
doi:10.1111/ajt.12588.

Lee JR, Muthukumar T, Dadhania D, Toussaint NC,
Ling L, Pamer E, Suthanthiran M. Gut microbial com-
munity structure and complications after kidney trans-
plantation: a pilot study. Transplantation. 2014;98
(7):697-705. doi:10.1097/TP.0000000000000370.
Swarte JC, Douwes RM, Hu S, Vich Vila A, Eisenga MF,
van Londen M, Gomes-Neto AW, Weersma RK,
Harmsen HJM, Bakker SJL. et al. Characteristics and
dysbiosis of the gut microbiome in renal transplant
recipients. J Clin Med. 2020;9(2):386. d0i:10.3390/
jcm9020386.

Arnold R, Issar T, Krishnan AV, Pussell BA.
Neurological complications in chronic kidney disease.
JRSM Cardiovasc Dis. 2016;5:2048004016677687.
doi:10.1177/2048004016677687.

Su H, Liu B, Chen H, Zhang T, Huang T, Liu Y,
Wang C, Ma Q, Wang Q, Lv Z. et al. LncRNA ANRIL
mediates endothelial dysfunction through BDNF
downregulation in chronic kidney disease. Cell Death
Disease. 2022;13(7):661. doi:10.1038/s41419-022-
05068-1.

Colucci-D’Amato L, Speranza L, Volpicelli F.
Neurotrophic factor BDNF, physiological functions
and therapeutic potential in depression, neurodegen-
eration and brain cancer. Int ] Mol Sci. 2020;21(20):21.
d0i:10.3390/ijms21207777.

Sudo N, Chida Y, Aiba Y, Sonoda J, Oyama N, Yu XN,
Kubo C, Koga Y. Postnatal microbial colonization pro-
grams the hypothalamic-pituitary-adrenal system for

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

GUT MICROBES (&) 25

stress response in mice. ] Physiol. 2004;558(1):263-275.
doi:10.1113/jphysiol.2004.063388.

Kreinin A, Lisson S, Nesher E, Schneider J, Bergman J,
Farhat K, Farah ], Lejbkowicz F, Yadid G, Raskin L.
et al. Blood BDNF level is gender specific in severe
depression. PloS One. 2015;10(5):e0127643. doi:10.
1371/journal.pone.0127643.

Hernandez L, Ward L], Arefin S, Ebert T, Laucyte-
Cibulskiene A, Collaborators G-F, Norris CM,
Raparelli V, Kautzky-Willer A, Herrero MT. et al.
Blood-brain barrier and gut barrier dysfunction in
chronic kidney disease with a focus on circulating bio-
markers and tight junction proteins. Sci Rep. 2022;12
(1):4414-. doi:10.1038/s41598-022-08387-7.
Hernandez L, Ward L], Arefin S, Barany P, Wennberg L,
Séderberg M, Bruno S, Cantaluppi V, Stenvinkel P,
Kublickiene K. et al. Blood-brain barrier biomarkers
before and after Kidney Transplantation. Int ] Mol Sci.
2023;24(7):6628. doi:10.3390/ijms24076628.

Sekercioglu N, Curtis B, Murphy S, Barrett B. Sleep
quality and its correlates in patients with chronic kid-
ney disease: a cross-sectional design. Ren Fail. 2015;37
(5):757-762. doi:10.3109/0886022X.2015.1024555.
Mujahid M, Nasir K, Qureshi R, Dhrolia M, Ahmad A.
Comparison of the quality of sleep in patients with
chronic kidney disease and end-stage renal disease.
Cureus. 2022;14:€23862. doi:10.7759/cureus.23862.
Chattu VK, Manzar MD, Kumary S, Burman D,
Spence DW, Pandi-Perumal SR. The global problem
of insufficient sleep and its serious public health
implications. Healthcare (Basel). 2018;7(1):1. doi:10.
3390/healthcare7010001.

Feng Q, Chen WD, Wang YD. Gut microbiota: an
integral moderator in health and disease. Front
Microbiol. 2018;9:151. doi:10.3389/fmicb.2018.00151.
Bellikci-Koyu E, Sarer-Yurekli BP, Akyon Y,
Ozgen AG, Brinkmann A, Nitsche A, Ergunay K,
Yilmaz E, St-Onge MP, Buyuktuncer Z. et al.
Associations of sleep quality and night eating behaviour
with gut microbiome composition in adults with meta-
bolic syndrome. Proc Nutr Soc. 2021;80(OCE2):80.
doi:10.1017/50029665121000707.

Benedict C, Vogel H, Jonas W, Woting A, Blaut M,
Schurmann A, Cedernaes J. Gut microbiota and gluco-
metabolic alterations in response to recurrent partial
sleep deprivation in normal-weight young individuals.
Mol Metab. 2016;5(12):1175-1186. do0i:10.1016/j.mol
met.2016.10.003.

Godos J, Ferri R, Caraci F, Cosentino FII, Castellano S,
Galvano F, Grosso G. Adherence to the mediterranean
diet is associated with better sleep quality in italian adults.
Nutrients. 2019;11(5):11. doi:10.3390/nul1050976.
Merra G, Noce A, Marrone G, Cintoni M,
Tarsitano MG, Capacci A, De Lorenzo A. Influence of
mediterranean diet on human gut microbiota.
Nutrients. 2020;13(1):13. doi:10.3390/nu13010007.


https://doi.org/10.3389/fmicb.2021.730809
https://doi.org/10.3389/fmicb.2021.730809
https://doi.org/10.1152/physiol.00004.2020
https://doi.org/10.3389/fmed.2021.790783
https://doi.org/10.3389/fmed.2021.790783
https://doi.org/10.3390/ijms21061986
https://doi.org/10.1093/ckj/sfab262
https://doi.org/10.1111/ajt.12588
https://doi.org/10.1097/TP.0000000000000370
https://doi.org/10.3390/jcm9020386
https://doi.org/10.3390/jcm9020386
https://doi.org/10.1177/2048004016677687
https://doi.org/10.1038/s41419-022-05068-1
https://doi.org/10.1038/s41419-022-05068-1
https://doi.org/10.3390/ijms21207777
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1371/journal.pone.0127643
https://doi.org/10.1371/journal.pone.0127643
https://doi.org/10.1038/s41598-022-08387-7
https://doi.org/10.3390/ijms24076628
https://doi.org/10.3109/0886022X.2015.1024555
https://doi.org/10.7759/cureus.23862
https://doi.org/10.3390/healthcare7010001
https://doi.org/10.3390/healthcare7010001
https://doi.org/10.3389/fmicb.2018.00151
https://doi.org/10.1017/S0029665121000707
https://doi.org/10.1016/j.molmet.2016.10.003
https://doi.org/10.1016/j.molmet.2016.10.003
https://doi.org/10.3390/nu11050976
https://doi.org/10.3390/nu13010007

26 A. SCHWARZ ET AL.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

Barber TM, Kabisch S, Pfeiffer AFH, Weickert MO. The
effects of the mediterranean diet on health and gut
microbiota. Nutrients. 2023;15(9):15. doi:10.3390/
nul5092150.

Nigam G, Camacho M, Chang ET, Riaz M. Exploring
sleep disorders in patients with chronic kidney disease.
Nat Sci Sleep. 2018;10:35-43. d0i:10.2147/NSS.S125839.
Saji N, Murotani K, Hisada T, Tsuduki T, Sugimoto T,
Kimura A, Niida S, Toba K, Sakurai T. The relationship
between the gut microbiome and mild cognitive
impairment in patients
cross-sectional study conducted in Japan. Sci Rep.
2019;9(1):19227. do0i:10.1038/541598-019-55851-y.

Fan KC, Lin CC, Liu YC, Chao YP, Lai YJ, Chiu YL,
Chuang YF. Altered gut microbiota in older adults with
mild cognitive impairment: a case-control study. Front
Aging Neurosci. 2023;15:1162057. doi:10.3389/fnagi.
2023.1162057.

Thancharoen O, Waleekhachonloet O, Limwattananon C,
Anutrakulchai S. Cognitive impairment, quality of life and

without dementia: a

healthcare utilization in patients with chronic kidney dis-
ease stages 3 to 5. Nephrology (Carlton). 2020;25
(8):625-633. d0i:10.1111/nep.13705.

Tang X, Han YP, Chai YH, Gong HJ, Xu H, Patel I,
Qiao Y-S, Zhang J-Y, Cardoso MA, Zhou J-B. et al.
Association of kidney function and brain health:
A systematic review and meta-analysis of cohort
studies. Ageing Res Rev. 2022;82:101762. doi:10.1016/
j.arr.2022.101762.

Ruitenberg A, den Heijer T, Bakker SL, van Swieten JC,
Koudstaal PJ, Hofman A, Breteler MM. Cerebral hypo-
perfusion and clinical onset of dementia: the Rotterdam
Study. Ann Neurol. 2005;57(6):789-794. doi:10.1002/
ana.20493.

Oh ES, Freeberg KA, Steele CN, Wang W, Farmer-Bailey
H, Coppock ME, Seals DR, Chonchol M, Rossman M],
Craighead DH. et al. Cerebrovascular pulsatility index is
higher in chronic kidney disease. Physiol Rep. 2023;11(1):
el5561. doi:10.14814/phy2.15561.

Drew DA, Weiner DE, Sarnak M]. Cognitive
Impairment in CKD: Pathophysiology, Management,
and Prevention. Am ] Kidney Dis. 2019;74
(6):782-790. d0i:10.1053/j.ajkd.2019.05.017.

Tryc AB, Alwan G, Bokemeyer M, Goldbecker A,
Hecker H, Haubitz M, Weissenborn K. Cerebral meta-
bolic alterations and cognitive dysfunction in chronic

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

kidney disease. Nephrol Dial Transplant. 2011;26
(8):2635-2641. doi:10.1093/ndt/gfq729.

Chen G, Zhang X, Chen F. A cross-sectional study on
gut microbiota in patients with chronic kidney disease
undergoing kidney transplant or hemodialysis. Am
] Transl Res. 2023;15:1756-1765.

Timmons JG, Manners R, Bailey M, McDougall C.
Cognitive impairment reversed by cinacalcet adminis-
tration in primary hyperparathyroidism. Hormones
(Athens). 2021;20(3):587-589. doi:10.1007/s42000-
021-00292-4.

Lizio R, Babiloni C, Del Percio C, Losurdo A, Verno L,
De Tommaso M, Montemurno A, Dalfino G, Cirillo P,
Soricelli A. et al. Different abnormalities of cortical
neural synchronization mechanisms in patients with
mild cognitive impairment due to Alzheimer’s and
chronic kidney diseases: an EEG study. ] Alzheimers
Dis. 2018;65(3):897-915. doi:10.3233/JAD-180245.
Valeri F, Endres K. How biological sex of the host
shapes its gut microbiota. Front Neuroendocrinol.
2021;61:100912. doi:10.1016/j.yfrne.2021.100912.
Jazani NH, Savoj J, Lustgarten M, Lau WL, Vaziri ND.
Impact of gut dysbiosis on neurohormonal pathways in
chronic kidney disease. Diseases. 2019;7(1):21. doi:10.
3390/diseases7010021.

UNICEEF. The state of food security and nutrition in the
world 2021. 2021.

Organization WH. Global health observatory (GHO)
data. 2015.

Vermeulen SJ, Campbell BM, Ingram JS. Climate change
and food systems. Annu Rev Environ Resour. 2012;37
(1):195-222. doi:10.1146/annurev-environ-020411-130608.
Clark MA, Domingo NGG, Colgan K, Thakrar SK,
Tilman D, Lynch J, Azevedo IL, Hill JD. Global food
system emissions could preclude achieving the 1.5° and
2°C climate change targets. Science. 2020;370
(6517):705-708. doi:10.1126/science.aba7357.

Clark MA, Springmann M, Hill J, Tilman D. Multiple
health and environmental impacts of foods. Proc Natl
Acad Sci U S A. 2019;116(46):23357-23362. doi:10.
1073/pnas.1906908116.

Stenvinkel P, Shiels PG, Johnson RJ. Lessons from
evolution by natural selection: An unprecedented
opportunity to use biomimetics to improve planetary
health. J Environ Manage. 2023;328:116981. doi:10.
1016/j.jenvman.2022.116981.


https://doi.org/10.3390/nu15092150
https://doi.org/10.3390/nu15092150
https://doi.org/10.2147/NSS.S125839
https://doi.org/10.1038/s41598-019-55851-y
https://doi.org/10.3389/fnagi.2023.1162057
https://doi.org/10.3389/fnagi.2023.1162057
https://doi.org/10.1111/nep.13705
https://doi.org/10.1016/j.arr.2022.101762
https://doi.org/10.1016/j.arr.2022.101762
https://doi.org/10.1002/ana.20493
https://doi.org/10.1002/ana.20493
https://doi.org/10.14814/phy2.15561
https://doi.org/10.1053/j.ajkd.2019.05.017
https://doi.org/10.1093/ndt/gfq729
https://doi.org/10.1007/s42000-021-00292-4
https://doi.org/10.1007/s42000-021-00292-4
https://doi.org/10.3233/JAD-180245
https://doi.org/10.1016/j.yfrne.2021.100912
https://doi.org/10.3390/diseases7010021
https://doi.org/10.3390/diseases7010021
https://doi.org/10.1146/annurev-environ-020411-130608
https://doi.org/10.1126/science.aba7357
https://doi.org/10.1073/pnas.1906908116
https://doi.org/10.1073/pnas.1906908116
https://doi.org/10.1016/j.jenvman.2022.116981
https://doi.org/10.1016/j.jenvman.2022.116981

	Abstract
	Artificial sweeteners
	Artificial sweeteners and the kidneys
	Red meat and uremic toxins
	Uremic milieu and EVA phenotype
	Trimethylamine-N-oxide (TMAO)
	Indoxyl phosphate (IS)
	p-cresyl sulfate (PCS)
	Phenylacetylglutamine (PAG)
	Uremia, gut microbiota and CNS implications
	Dietary impact on health and environment
	Disclosure statement
	Funding
	Author contributions
	Data availability statement
	References

