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Randomized clinical trials and systematic reviews strongly sup-
port a beneficial role of a low protein diet (LPD) in slowing kid-
ney disease progression and to mitigate uraemic symptoms in
patients with chronic kidney disease (CKD) Stages 3B–5 [1–3].
Hence, the 2020 Kidney Disease Outcome Quality Initiative
(KDOQI) Clinical Practice Guideline for Nutrition in CKD rec-
ommended an LPD to patients with CKD Stages 3B–5 as evi-
dence grade level 1 A evidence [4].

However, apart from the amount of total protein, dietary
source (plant versus animal) might also have an impact on
uraemic toxic production and CKD progression [5]. The costs
of dietetic counselling [6], social constraints and the potential
for protein-energy wasting are commonly cited concerns re-
garding increasing plant protein and decreasing animal protein
intake. In addition, lack of clear understanding of the LPD
mechanisms on CKD progression is also presumably another
brake on its implementation.

Among the potential pathways involved during the reduc-
tion in protein intake, the lower intake of nitrogenous com-
pounds leading to less production of uraemic toxins has been
particularly explored [7]. A number of investigations, especially
in animals, have highlighted the key role of intestinal micro-
biota in the production of uraemic toxins from amino acids pre-
cursors such as p-cresyl sulphate (PCS) (from tyrosine), indoxyl
sulphate (IS) (from tryptophan) and trimethylamine N-oxide
(TMAO) (from leucine) [7, 8]. The discovery of the ‘intestine–
kidney axis’ and the impact of diet in the modulation of the in-
testinal microbiota open up innovative research perspectives in
the field of nutrition. The historical concept of globally decreas-
ing amino acids (i.e. LPD) to limit uraemic syndrome can be
challenged by understanding the role of each amino acid in the
production of uraemic toxins, since gut dysbiosis is a common

feature of CKD. Therefore, recent studies have focused more on
the quality and diversity of proteins rather than simply their
quantity for the prevention and management of CKD. The first
approach focuses on the source of proteins. The risk and bene-
fits of different sources of proteins have been widely demon-
strated in numerous studies, meta-analyses and systematic
reviews in normal health [9, 10]. Plant-based or plant-
dominant diets have been associated with a delay in dialysis ini-
tiation [1, 2], but large randomized controlled trials are war-
ranted to confirm the efficacy and safety of this diet strategy
[11]. In contrast, higher consumption of animal-based proteins
has been linked to an increased risk of Type 2 diabetes, cardio-
vascular disease and mortality [9, 10]. A high amount of red
meat in the diet has been shown to increase leucine intake and
production of deleterious uraemic toxins such as TMAO [12].
In contrast, an LPD (with low red meat) prescribed for 6
months was associated with reduction in the PCS levels in non-
dialysis patients with CKD [13]. A short-term (12-week) ran-
domized crossover trial reported that patients with CKD who
followed a very-low, vegetarian protein diet exhibited a decrease
in major uraemic toxins such as PCS and IS, and experienced a
modification in intestinal microbiota composition [3, 14].
Indeed, the increased intake of fibers in plant-based diets allows
for a modification of colic microbiota towards bacteria that de-
crease inflammation, bacterial translocation and the production
of gut-derived uraemic toxins [15–19].

These encouraging data support the hypothesis that in CKD,
high-protein intake and particularly animal proteins are delete-
rious to intestinal microbiota composition and may be key play-
ers in the progression of CKD. However, this has been
challenged by a recent publication in Science [20] Lobel et al.
[20] showed that some dietary-specific amino acids (e.g.
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methionine and cysteine) can improve the uraemic syndrome
and its complications in an animal model. Indeed, they ob-
served that sulphide from bacterial metabolism of dietary
sulphur-containing amino acids (SAAS, mainly methionine
and cysteine) can regulate Escherichia coli indole, ammonia and
urea production. This occurs through an inhibition of trypto-
phanase by S-sulphydration, a post-translational protein modi-
fication (PTM) of the cysteine residues presents in this enzyme.
Methionine and cysteine are found in highest concentrations in
animal proteins (e.g. muscle, organ meat and eggs), implying
that red meat could protect from CKD complications.
However, this study must be interpreted carefully. First, SAAS
are also present but at lower levels in dairy (e.g. casein), cereal
grains and pulses (e.g. legumes). Secondly, the authors only fo-
cused on one uraemic toxin of the indol group and not on other
important ones such as PCS or TMAO. Indeed, it has been
shown that proteins in meat and eggs are precursors of TMAO
[12]. Thirdly, the transposition of animal studies to human tri-
als must be done, even if authors have reported an increase of E.
coli in the feces of CKD patients [20].

The Lobel et al. study should not be used to once again dis-
credit LPD prescription, but on the contrary, as a call for under-
standing the role of each amino acid in uraemic conditions. The
ambivalent role of each amino acid is not novel and has been
described for half a century [21]. Early mechanistic studies sug-
gested that not all proteins or amino acids equally induce glo-
merular hyperfiltration, and sometimes displayed seemingly
opposite effects. For example, branched-chain amino acids
(BCAAs) infusion caused a moderate renal vasoconstriction
and a slight increase in glomerular filtration rate (GFR),
whereas an infusion of a mixture including all amino acids in-
duced a significantly higher increase in GFR [22]. In 5/6 ne-
phrectomy rats, diets containing 8% casein supplemented with
10% of a mix of BCAAs increased kidney fibrosis compared
with a diet with 10% aromatic amino acids (AAAs), which stim-
ulated renal plasma flow and to a lesser extent GFR [23]. Also,
preliminary data suggest that reduction of specific AAAs in
CKD mice decreases PCS and IS production [24]. The role of
SAAS on renal function must also be clarified. On one hand,
Lobel et al. and others reported that a high dietary SAAS intake
could delay CKD progression in patients and experimental dis-
ease models [25, 26]. On the other hand, high SAAS consump-
tion has been associated with an increased cardiovascular risk
[27] and reduced kidney function in the general population,
which are undesired outcomes in CKD management [28].

The second interesting point of the Lobel et al. study is to
highlight the importance of PTMs in causing CKD complica-
tions [20]. PTMs such as carbamylation, glycation, sulphatation
and oxidation of proteins and peptides have recently emerged
as mechanisms explaining the accelerated ageing of CKD
patients [29]. New studies have demonstrated that epigenetic
events are highly dynamic, changing in response to nutrient
availability, and can be a cross-talk between microbiota and
host metabolism. Lobel et al. demonstrated for the first time the
direct role of methionine and cysteine by modifying intestinal
microbiota function in CKD. The role of diet and in particular
proteins in the induction of PTMs deserves to be explored in

uraemia [30]. Indeed, methionine could influence methylation
by providing methyl groups. These epigenetic alterations, for
instance DNA methylation, could potentially provide explana-
tions for altered gene expressions in CKD and in bacterial me-
tabolism [31, 32]. The nitrogenous waste content resulting from
protein intake is degraded into urea, which since it is not ex-
creted in the urine, is slowly metabolized into cyanate [33].
Urea can additionally contribute to PTMs of proteins via in-
creased O-glycosylation and could potentially modify bacterial
activity [34]. For example, increased O-glycosylation of mucins
strongly and negatively affects the mucus layer cohesive proper-
ties in the gut lumen [35]. However, the consequence of O-gly-
cosylation of key enzymes in gut microbiota and functional
consequences in CKD is unknown. Cyanate, an electrophile,
attacks nucleophilic groups such as amino groups in proteins,
and these results in carbamylation, which is associated with an
increased mortality in CKD patients [36]. Carbamylation can
alter the gut microbiome and can favour expansion of bacterial
families that produce uraemic toxins during CKD [37]. Finally,
PTMs must be interpreted according to their exposition time
since their functional impact may be different. For instance,
much of our understanding of the role of O-glycosylation on
cellular function is based on chronic disease processes.
However, there is increasing evidence that O-glycosylation
occurs in response to stress and that an acute increase of this bi-
ological event is cytoprotective, at least in the short term [34].

The third point that Lobel et al. highlighted is the behaviour
of intestinal microbiota. Several studies have reported that the
composition of gut microbiota is modified and its diversity is
reduced during CKD, and could contribute to CKD progression
[38]. The cause of dysbiosis in unhealthy individuals across age
and geography has mainly been correlated with dietary habits
but is still debated in the context of CKD. On one hand, an LPD
or a Mediterranean diet could mitigate dysbiosis [3, 14] in
patients with CKD. Poesen et al. also observed that if patients
with CKD have a distinct colonic microbial metabolism, the ef-
fect of renal function loss per se may be inferior to the effects of
diet and other CKD-related factors [39]. On the other hand, in
a large study of more than 200 haemodialysis patients, a multi-
variate analysis did not observe a significant impact of food cat-
egories on the metabolome and intestinal microbiome. These
discordant results can be explained by the technical level of
analysis of the gut microbiota. Until now, the intestinal micro-
biota has been analysed by 16S ribosomal RNA gene amplifica-
tion or by a metagenomic approach. Lobel et al. did not observe
a difference in the taxonomic abundance of the gut microbiota
in mice between the low- and high-SAAS diets. The only differ-
ence was an increase of S-sulphydration proteins. These results
call for additional metaproteomic approaches focusing on the
characterization of expressed proteins alteration like PTMs in
order to provide a better understanding of the microbial species.

In conclusion, there is a growing scientific interest in better
analysing the role of individual amino acids and their interac-
tion with the intestinal microbiota and the host during CKD.
This will reinforce the role of a dietary approach to better
control uraemia. The historical and empirical approach
through a global reduction in protein intake can only be
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reinforced by new studies confirming how to modulate
amino acids intake. This should be viewed as a continuum
in dietary strategies (Figure 1). Finally, gaining knowledge
on the ‘microbiota–nutrient metabolism–epigenetics–kidney’
axis could facilitate the stratification of patients towards a
personalized-diet care to more efficiently slow down CKD
progression. So far, this call stands at the research level, and
meanwhile we still have LPDs to help patients (KDOQI
2020) while awaiting additional data [4].
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posttranslational modification of protein. All of this contributes to reduce cardiovascular complications and CKD progression.
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