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Diabetic Kidney Disease (DKD) is one of the significant microvascular consequences
of type 2 diabetes mellitus with a complex etiology and protracted course. In the
early stages of DKD, the majority of patients experience an insidious onset and few
overt clinical symptoms and indicators, but they are prone to develop end-stage
renal disease in the later stage, which is life-threatening. The abnormal amino acid
metabolism is tightly associated with the development of DKD, which involves
several pathological processes such as oxidative stress, inflammatory response,
and immune response and is also closely related to autophagy, mitochondrial
dysfunction, and iron death. With a focus on taurine, branched-chain amino acids
(BCAAs) and glutamine, we explored the biological effects of various amino acid
mechanisms linked to DKD, the impact of amino acid metabolism in the early
diagnosis of DKD, and the role of amino acid metabolism in treating DKD, to offer
fresh objectives and guidelines for later early detection and DKD therapy.

glutamine, taurine, branched-chain amino acids, diabetic kidney disease, review

1. Introduction

Diabetic Kidney Disease (DKD) is one of the most serious microvascular consequences of
type 2 diabetes. It is an essential contributor to end-stage renal disease and chronic renal failure.
According to the International Diabetes Federation (IDF), roughly 40% of diabetes people
experience renal failure, which is ultimately life-threatening (1). The early diagnosis of DKD in
clinical is currently characterized by microalbuminuria, decreased glomerular filtration rate
(GFR), increased basement membrane thickness, and accumulation of extracellular matrix (2).
The pathological biopsy is regarded as the gold standard for determining the presence of DKD.

Many mechanisms caused DKD. Studies have shown that hyperglycemia increases the
glomerular filtration rate, causing glucose to accumulate in the kidney and exacerbating renal
cell damage. The excess glucose influx into the polyol pathway, where it is converted by aldose
reductase (AR) to sorbitol. AR is the rate-limiting enzyme of the polyol pathway. Glucose enters
the cell freely without insulin, causing sorbitol concentration rises while intracellular inositol
concentration falls. Eventually, it leads to the development of chronic complications of diabetes

01 frontiersin.org


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2023.1239838﻿&domain=pdf&date_stamp=2023-09-14
https://www.frontiersin.org/articles/10.3389/fnut.2023.1239838/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1239838/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1239838/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1239838/full
mailto:hyh101@126.com
mailto:liujialiujia1011@163.com
https://doi.org/10.3389/fnut.2023.1239838
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2023.1239838

Lietal.

by interfering with the osmoregulation of cells (3). The polyol pathway
also activates protein kinase C (PKC) leading to glomerular
dysfunction. While elevated blood sugar speeds up the hexosamine
biosynthesis pathway (HBP), causing kidney damage and the
production of advanced glycosylation end products (AGEs) (4, 5). In
addition, nitric oxide synthase (NOS) of the nitric oxide system can
be expressed in the kidney. They can affect renal cellular value-added
and lead to renal alterations in diabetic patients (6, 7). Hyperglycemia
stimulates NADPH oxidase (NOX) to produce superoxide (SOD), and
endothelial NO synthase (eNOS), while the amount of SOD can
increase with the decrease of eNOS expression (8, 9). Through the
nitric oxide system, SOD can increase and promote oxidative stress.
Another mechanism of DKD production is the inflammatory
response. Multiple cytokines in inflammatory diseases, both IL-6 and
I-8 can alter glomerular permeability by promoting glomerular cell
proliferation, producing varying degrees of renal injury. TGF-1 has
been identified as a key player in the progression of renal fibrosis, thus
activation of inflammatory cytokines stimulates renal injury in DKD
(10). By the way, with the gradual development of molecular and
cellular fields, epigenetic modifications, mitochondrial dysfunction,
autophagy, and iron death have provided other new directions for the
mechanism of action of DKD (11).

In this process, we find that various amino acids play important
roles in different ways. Amino acids are essential for life activities and
have biological functions such as synthesizing proteins, metabolizing
energy substances, and acting as precursors for compounds. Amino
acids created through the digestion and absorption of dietary proteins
can be deaminated to produce alpha-keto acids and urea and
decarboxylated to produce various amines. Non-coding amino acids
are not involved in protein synthesis, such as cysteine and taurine, etc.
According to the classification of nutrients, coding amino acids can
be divided into essential and non-essential amino acids, of which nine
are essential for human life: leucine, isoleucine, lysine, phenylalanine,
valine (Val), tryptophan (Trp), methionine, leucine, isoleucine, and
histidine (His), while the non-essential amino acids are aspartic acid
(Asp), glutamic (Glu), alanine, and Serine (Ser) (12). It has been
shown that glutamine (Gln) is involved in the HBP pathway and the
synthesis of AGEs as an energy substrate in the pathogene essential
amino acids sis of DKD, while it can alleviate oxidative stress due to
iron death through anti-inflammatory and antioxidant effects (13, 14).
eNOS can produce endothelial nitric oxide (NO) and L-citrulline (Cit)
with the participation of L-arginine. Arginine and Cit are also involved
in the hemodynamic nitric oxide system with taurine. While taurine
is also a key factor leading to mitochondrial dysfunction. Insulin
resistance and the metabolism of branched-chain amino
acids(BCAAs) are intimately connected, where leucine (Leu) is also
correlated with autophagy in foot cells (15, 16).

With the continuous development of histology and molecular
technology, DKD has been studied in more depth in terms of
pathogenesis, early diagnosis, and treatment. Additionally, there is
growing proof that amino acid metabolism plays a significant role in
numerous areas of the early diagnosis and treatment of DKD,
especially with the advent of histological and molecular tools
(17-19). However, the role of amino acids in the latest research on
DKD in terms of pathogenesis, diagnosis, and treatment is still
lacking in systematic sorting and introduction. This paper focuses on
the non-coding amino acid taurine, the essential amino acid BCAAs,
and the nonessential amino acid glutamine acid from the perspective
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of different kinds of amino acids, and discusses the relationship
between different amino acid metabolism and DKD from the
perspectives of the mechanism of action, early diagnosis, and
treatment, to offer fresh perspectives and approaches for DKD
diagnosis and therapy.

2. Biological effects of amino acids
2.1. Biological effects of taurine

A non-essential amino acid called taurine (NH2CH2CH2SO3H)
is only produced in the liver from methionine or cysteine (20).
Currently, taurine is regarded as a cytoprotective molecule that has a
major role in maintaining glutathione stores, upregulating antioxidant
responses, increasing membrane stability, and eliminating
inflammatory responses to maintain homeostasis in vivo (21). Taurine
is a substrate for mitochondrial tRNA and has antioxidant properties.
A more recent study by Fakruddin et al. demonstrated that
mitochondrial tRNA modifications lacking taurine modifications lead
to mitochondrial dysfunction and activate cellular oxidative stress (22).
Also, taurine may inhibit oxidative stress by reducing calcium overload,
increasing Antioxidant glutathione (GSH) levels, stabilizing biofilms,
and inhibiting reactive oxygen species (ROS) accumulation by
regulating antioxidant enzymes (21, 23, 24). Second, taurine might
be crucial in the inflammation brought on by oxidative stress. The
neutrophil myeloperoxidase (MPO)-halogenated mechanism produces
hypochlorous acid (HOCL) at the site of inflammation, which taurine
reacts with and detoxifies. As a result, less toxic taurine chloramine
(TauCl), a more stable and less toxic anti-inflammatory mediator, is
created (25). Taurine also has an anti-apoptotic action, which has been
shown to counteract apoptosis in several ways, including inhibition of

calcium overload and protection of mitochondrial membranes (15, 26).

2.2. Biological effects of branched chain
amino acids

The three essential amino acids leucine (Leu), isoleucine (Ile), and
valine (Val) make up branched BCAAs. In mammals, branched-chain
aminotransferases (BCATSs) first transaminate all three BCAAs to
produce Gln and branched-chain a-keto acids (BCKAs). Then, the
branched-chain -keto acid dehydrogenase complex (BCKDH), which
is found on the inner surface of the inner mitochondrial membrane
and catalyzes the oxidative decarboxylation, oxidizes the BCAA
product, releases CO2, and covalently adds a coenzyme a (CoA)
moiety. CoA is a hydrophilic cofactor that combines subsequent
tricarboxylic acid (TCA) cycle intermediates from isoleucine and Val
acetyl coenzyme A and/or succinyl coenzyme A are trapped in the
mitochondria. The BCAT and BCKDH processes are shared by all
three BCAAs (27, 28). The cellular processes of protein synthesis and
epigenetic control can both be impacted by the metabolism of BCAAs.
First, Leu has the ability to control mTORCI, a protein kinase that
plays a crucial role in controlling cell growth. Leu activates the mTOR
pathway, which in turn promotes protein synthesis (29). Energy-
demanding tissues (like skeletal muscle) typically see an increase in
glucose uptake when leu- and BCAA-induced protein synthesis occurs,
which may help to improve insulin signaling, and glucose uptake (30).
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2.3. Biological effects of glutamine

Glutamine (Gln) is the most prevalent and versatile amino acid in
the body, with plasma and tissue Gln concentrations 10 to 100 times
higher than those of other amino acids (31). Gln plays a crucial role as
an energy substrate in cell proliferation, antioxidant, and anti-
inflammatory (32). GSH can directly respond to ROS. Gln, as one of
the precursors of GSH, affects the redox status of cells through the
glutamine-glutathione pathway. Cruzat et al. showed that an increased
glutamine/glutamate ratio enhances the substrate availability for GSH
synthesis (33). Gln can also maintain cellular homeostasis in vivo and
promote cell survival by enhancing intracellular heat shock protein
(HSP) levels (34). HSPs are a series of peptide proteins, a particular
collection of genes that produce cytoprotective proteins. The
organisms generate heat shock (HS) responses by altering HSP gene
expression, which response to adverse conditions through stress-
related heat shock genes, such as heat shock, oxidants, inflammation,
etc. (35).

Another biological effect of Gln is its involvement in the synthesis
of the hexosamine pathway. One of the mechanisms for the
metabolism of glucose is the HBP, in which glutamine-fructose-6-
phosphatase aminotransferase (GFAT) catalyzes the glycolytic
pathway’s first conversion of glucose to fructose-6-phosphate (36).
Fructose-6-phosphate is mixed with Gln to produce glucosamine-6-
(GIcN-6-P), then
N-acetylglucosamine-6-phosphate (GlcNAc-P) by glucosamine-

phosphate which is transformed to
phosphate N -acetyltransferase (GNPNAT) to N-acetylglucosamine-
6-phosphate (GIcNAc-6-P). Then to N-acetylglucosamine-1-
phosphate (GlcNAc-1-P) via phosphoglucose metastases 3 (PGM3),
followed by the enzymatic synthesis of uridine diphosphate
N-acetylglucosamine (UDP-GIcNAc). Finally, the binding of
O-GIcNAc to protein Ser is promoted or hydrolyzed by O-GIlcNAc
transferase (OGT) and O-GlcNAcase (OGA), which in this way leads
to the deposition of various types of collagen and affects the function
of the protein (13). Studies have revealed that the development of
DKD, insulin resistance, and decreased insulin secretion are all
directly related to increased metabolism of this route (37).

3. The role of amino acid metabolism
in the early diagnosis of DKD

A study technique called metabolomics is used to analyze tiny
molecules created by biological systems made up of cells, tissues,
fluids, and organisms in both qualitative and quantitative ways (38).
For the purpose of looking for illness diagnostic indicators, liquid-
phase mass spectrometry is used to systematically detect the
alterations in small molecule metabolite patterns (39). At present,
patients with DKD are mostly in the urine protein-positive phase
upon diagnosis, and irreversible damage to the renal tubules has
already occurred. Consequently, the prognosis is dismal and patients’
quality of life is severely compromised (40). DKD patients have a
variety of abnormalities in their digestion of sugar, lipids, and amino
acids. Metabolomics techniques can be used to identify early
diagnostic markers of the disease by observing changes in the small
molecule products of metabolic pathways in both the urine and serum
of DKD patients (19). The actions are summarized below and shown
in Table 1.

Frontiers in Nutrition

10.3389/fnut.2023.1239838

3.1. The essential amino acids

3.1.1. Branched chain amino acids

Increased levels of BCAA in the blood have been linked to the
emergence of insulin resistance, according to studies. BCAAs may
encourage better metabolic phenotypes, such as increased insulin
sensitivity and glucose uptake (51). Insulin resistance and BCAAs have
a mutually reinforcing interaction. The impaired function of BCAT and
BCKDH, important pathways in the metabolism of insulin resistance,
is thought to be a primary genetic abnormality. The accumulation of
related metabolites and branched-chain ketone acids after elevated
insulin levels may lead to further insulin resistance (52). High levels of
BCAA polymorphisms are linked to a high risk of type 2 diabetes,
according to a Mendelian randomization study that used genes related
to BCAA metabolism to evaluate the causality of an influence on
insulin resistance (53). Another possible mechanism is related to the
activation of mTOR. BCAA overload may activate the mTOR pathway
and inhibit the PI3K-Akt intracellular pathway, causing insulin
resistance (29, 54). mTOR is also a key factor in inhibiting autophagy
in renal tubular epithelial cells, and Leu may regulate cellular autophagy
through the mTOR pathway to mitigate renal injury (55). Additionally,
BCAA can sustain cellular energy metabolism, control mitochondrial
function, and lower ROS generation to decrease oxidative stress
through BCAT, which in turn lessens DKD.

According to Garibotto et al., renal failure can lower the
glomerular filtration rate, which in turn can cause acidosis and impact
the catabolism of BCAAs. As DKD continues, it can also cause a
decline in BCAA levels because of kidney damage (56). Therefore,
changes in branched-chain amino acid levels can be consistent with
the progression of DKD and also demonstrated that BCAAs can
be used as one of the early diagnostic markers of DKD. Wang et al.
showed that plasma levels of BCAAs can be used as one of the early
diagnostic of diabetes
chromatography-tandem mass spectrometry (48). Also, BCAAs are

markers by metabolomics liquid
closely related to insulin resistance, which can lead to the development
of DKD, and therefore elevated levels of BCAAs can be detected in
patients with DKD (40). In a prospective study of type 2 diabetic
patients, Zhu et al. hypothesized that high levels of Val and isoleucine
may be one of the risk factors for the development of DKD (47). Wang
et al. study concluded by metabolomic analysis that serum branched-
chain amino acid levels decreased with disease progression, suggesting
that elevated BCAA could predict the development of diabetes (19).
By using metabolomic analysis on 637 individuals with type 1 diabetes,
Tofte et al. established a strong positive cross-sectional connection
between the BCAAs isoleucine, leucine, Val, and eGFR. They came to
the conclusion that BCA As are intimately associated with diabetes (49).

3.1.2. Tryptophan

Tryptophan (Trp), one of the aromatic amino acids, is crucial for
the early detection of DKD. Niewczas et al., found that greater levels of
C-glycosyl tryptophan, O-sulfotyrosine, and N-acetyl threonine were
linked to quicker glomerular filtration rate (¢GFR) slopes in 158 diabetic
patients with proteinuria and chronic renal disease (41). According to
Solini et al’s screening of metabolomics in serum and urine samples
from 286 T2DM patients, the combination of serum metabolites
(C-glycosyl tryptophan, pseudouridine, and N-acetyl threonine)
predicted lower eGFR and increased the predictability of clinical
parameters (42). Zhang et al. performed a metabolomic analysis of 95
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TABLE 1 Metabolomic study of various amino acids in early diagnostic markers of DKD.

Amino acid Conditions

Study

Main results

Trp (41) DKD patients (n=158) Serum Increased C-glycosyltryptophan was associated with a faster glomerular
filtration rate (eéGFR) slope and also with decreased renal function and risk
of end-stage renal disease.

(42) T2DM patients (n=286) Serum, urine The serum metabolite C-glycosyltryptophan predicted a decrease in eGFR at
follow-up and improved the predictability of clinical parameters.

(43) PKD patients (n=95) Serum, urine Metabolites such as threonine, Trp, methionine, homovanillic acid sulfate
and Cit can be used as potential biomarkers for early diagnosis.

Gln (44) CKD patients (n=15) Urine Significant increases in glutamate, guanyl acetate, a-phenylacetylglutamine

and N-oxotrimethylamine.

(19) T2DM patients (n=90) Serum, urine A significant decrease in serum Gln levels indicates that Gln may be used as
one of the early diagnostic markers for DKD.
(45) DKD patients (n="70) Urine The y-GGT appeared significantly elevated in the massive albuminuria
group, and the y-GGT could be abnormal earlier than in microproteinuria.
BCAAs (46) Health volunteers (n=1,680) Serum BCAAs are closely related to insulin resistance, and plasma levels of BCAAs

can be used as one of the early diagnostic markers of diabetes.

(19) T2DM patients (n=90)

Serum, urine

Amino acid levels tended to increase with disease progression, with BCAAs

being the most prominent.

(47) Healthy, T2MD, DKD patients

Serum, urine

High levels of Val and isoleucine may be a risk factor for the development of

DKD.

(48) T2DM patients (n=201) Serum

BCAA and phenylalanine are highly associated with diabetes, demonstrating
the potential importance of amino acids in the early stages of diabetes

development.

(49) TIMD patients (n=637) Serum

Isoleucine, leucine and Val had significant positive cross-sectional
correlations with eGFR, indicating a strong relationship between BCAAs and

diabetes.

Cit and Orn (50) ESRD patients (n=55) Serum

Concentrations in the urea cycle such as arginine, Asp., Cit and Orn were

significantly increased.

(40) T2DM Patients (n=127) Serum

Cit is independently associated with the occurrence of diabetes mellitus
combined with microproteinuria, and therefore Cit can be used as one of the

early diagnostic markers of DKD

(45) PKD patients (n=95)

Serum, urine

The sensitivity of Cit in blood and urine is the highest in early diagnosis.

patients with urinary albumin nephropathy (PKD). They concluded
that metabolites such as threonine, Trp, methionine, homovanillic acid
sulfate, and Cit could be potential biomarkers for early diagnosis (43).

3.2. The non-essential amino acids

3.2.1. Glutamine

By conducting a meta-analysis of metabolites, Roointan et al.
discovered that Gln in the blood is one of the most significant
non-invasive early diagnostic biomarkers and that several important
metabolites, including glutamate, arginine, glycine, and Gln, are highly
centralized (57). According to urine metabolomics research performed
by Feng et al., patients with chronic kidney disease had a large rise in
the metabolite -phenylacetylglutamine (44). Wang et al. demonstrated
a significant decrease in serum Gln levels in the urinary albumin
group. As a marker of kidney injury, it can indicate that changes in Gln
levels can reflect kidney injury in DKD patients and may be used as
one of the early diagnostic markers of DKD (44). Zhang et al. showed
that serum y-glutamine transferase (y-GGT) was significantly elevated
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in patients in the massive albuminuria group. While y-GGT could
show abnormalities earlier in the absence of trace urine protein. It
suggests the significance of Gln in the early diagnosis (45).

3.2.2. Citrulline and ornithine

Following metabolite functional enrichment analysis in DKD,
Roointan et al. found that the urea cycle was one of the most variable
sets of metabolites (57). The urea cycle also called the ornithine (Orn)
cycle, plays a key role in proteolytic metabolism, while insulin can also
reduce the biosynthetic capacity of urea (58). Citrulline (Cit) is
typically absorbed by the kidneys and converted to urea via arginine.
Orn and Cit are all components of the urea cycle. Urea is the major
product of nitrogen metabolism and is formed from free ammonia
and aspartate (40). Arginine can be transformed into Orn or Cit in the
urea cycle, which aids arginase in the production of urea or NO
molecules (57). Chuang et al. showed that the concentration of amino
acids involved in the urea cycle was significantly increased in patients
with end-stage renal disease (50). Jiang et al. came to the conclusion
that Cit was independently linked with the development of diabetes
mellitus in conjunction with microproteinuria (40). Therefore, Cit can
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FIGURE 1

Taurine alleviates the mechanism of action of DKD. Hyperglycemia causes mitochondria to release cytochromes (Cytc), apoptotic protease activating
factor 1 (Apaf-1), and caspase-9 to produce apoptotic complexes to induce apoptosis, and taurine regulates the miR-126 gene to alleviate apoptosis.
At the same time, hyperglycemia induces the decline of mitochondrial Membrane potentials (MMPs) and activates Superoxide SOD to stimulate
oxidative stress, oxidative stress activates NF-kb expression, upregulates IL-6, IL-8, TGF-p1, and other pro-inflammatory factors, taurine can reduce the
release of inflammatory factors by inhibiting NF-kb. Meanwhile, by halogenating hypochlorous acid (HOCL) created by the neutrophil myeloperoxidase
(MPO) reaction with taurine to create taurine chloramine (TauCl), taurine can reduce the inflammatory response.

be used as one of the early diagnostic markers of DKD. By analyzing
95 individuals with PKD’s serum and urine using metabolomic
techniques, Zhang et al. came to the conclusion that Cit in blood and
urine had the highest sensitivity in early diagnosis (43).

4. The role of amino acid metabolism
in the treatment of DKD

4.1. Role of various amino acids in the
treatment of DKD

4.1.1. Taurine

Elevated blood glucose leads to a decrease in mitochondrial
membrane potentials (MMPs), GSH, and NO levels, prompting the
downregulation of eNOX to activate SOD and finally induce DKD
through structural damage. Taurine can regulate oxidative stress
induced by hyperglycemia to its normal level through antioxidant
activity (15). By preventing calcium excess and enhancing
mitochondrial respiratory performance, taurine was demonstrated by
Zhang et al, to minimize the formation of ROS in the
mitochondria (26).

In addition, it has been demonstrated that oxidative stress can
NF-kb, which can
pro-inflammatory factors like IL-6, IL-8, and TGF-1. Taurine

activate increase the expression of

inhibits the expression of pro-inflammatory factors by reducing ROS
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and NF-kb activity, which is then involved in reducing their
inflammatory response brought on by oxidative stress (15). TauCl
has bactericidal and anti-inflammatory properties. It can inhibit
pro-inflammatory cytokine production, which in turn is involved in
alleviating its inflammatory response induced by oxidative stress
(25). Meanwhile, DKD alters apoptotic markers, and hyperglycemia
induces the mitochondria to release cytochrome C (Cytc) and
produce apoptotic complexes, which in turn promotes apoptosis.
Taurine can regulate the apoptotic parameters of apoptotic markers
through the protective and anti-apoptotic effects of mitochondrial
membranes. Thus reducing the structural damage of renal cortex
caused by DKD, and Xie et al. showed that taurine can alleviate
endothelial cell apoptosis by regulating miR-126 gene expression
(Figure 1) (15, 59).

Secondly, taurine supplementation can prevent insulin resistance
due to hyperglycemia through its antioxidant effect, anti-inflammatory
response, and reduction of apoptosis. It can also treat DKD by
reducing the production of proteinuria and inhibiting glomerular
hypertrophy and tubulointerstitial fibrosis (60). Taurine, cysteine, and
methionine are amino acids that contain sulfur and can be used as
adjuvant therapy to prevent diabetes and its associated problems.
According to research by Manna et al., eNOX produced by the nitric
oxide system can induce oxidative stress, which can be alleviated by
taurine through antioxidant effects (61). While arginine is a precursor
of NO and the nitric oxide pathway inhibition of the nitric oxide
pathway can lead to systemic hypertension, reduced glomerular
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FIGURE 2

Mechanism of action of Gln in DKD. Gln induces the GPX4 enzyme through the synthesis of glutathione (GSH) to alleviate oxidative stress caused by
iron death. Meanwhile, glucose generates fructose-6-phosphate (Fruc-6-P) through glycolysis, which later synthesizes glucosamine-6-phosphate
(GlcN-6-P) with GIn, and GlcN-6-P is transformed to N-acetylglucosamine-6-phosphate (GIcNAc-6-P) catalyzed by glucosamine phosphate
N-acetyltransferase (GNPNAT) through phosphate glucose metastases 3 (PGM3) to N-acetylglucosamine-1-phosphate (GlcNAc-1-P), followed by an
enzymatic reaction to generate uridine diphosphate N-acetylglucosamine (UDP-GIcNAc), which can mediate renal cell dysfunction via the OGT-
Polycomb-Knot-Sns pathway, while inhibiting synthesis of glycogen synthase GSK-3p, which can release HSF1 receptors, thereby enhancing heat
shock gene expression and stimulating inflammatory responses. In addition, GIcNAc-1-P can activate protein kinase C (PKC), which in turn stimulates
TGF-p gene expression and damages renal cells. The hexosamine pathway'’s rate-limiting enzyme is GFAT, and through the regulation of Glutamine-
fructose-6-phosphatase aminotransferase (GFAT), it can reduce TGF-f expression, as well as reduce the production of UDP-GIcNAc, which in turn
reduces the heat shock inflammatory response and mitigates the extent of renal cell injury.

filtration rate and effective renal flow. Arginine supplementation can
alleviate glomerulosclerosis and thus delay renal injury (62).

4.1.2. Glutamine

First, the antioxidant and anti-inflammatory properties of Gln
may be responsible for its nephroprotective effects in DKD. Nasri et al.
have shown that oral Gln can reduce renal inflammation as well as
oxidative stress biomarker levels in type 2 - diabetic rats, while
improving pathological changes such as glomerulosclerosis and
leukocyte infiltration (63). Meanwhile, in DKD, the production of
large amounts of SOD induces iron death in the renal cell membrane
through lipid peroxidation. GSH can play an antioxidant role through
the GPX4 enzyme to reduce oxidative stress caused by iron death (11).

In addition, the heat shock response through HBP interacts with
Gln metabolism (34). Transforming growth factor-p (TGEF-p)-
upregulation in rat renal mesangial cells has been demonstrated to
be correlated with the hexosamine pathway, which is a key factor in
the pathogenesis of DKD. It suggests that high glucose levels induce
the production of fibronectin, especially in the glomeruli of DKD
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patients, this effect is eliminated by Gln inhibition through GFAT (64).
GFAT is an important rate-limiting enzyme for Gln entry into the
hexosamine pathway, and by inhibiting fructose-6-phosphate cells, it
can eliminate the effector component of the extracellular matrix of the
renal mesangial (37, 64). Glucose metabolism to fructose-6-phosphate
enters into the hexosamine pathway, which is under the control of
GFAT to produce the ultimate product UDP-GIcNAc. UDP-GIcNAc
is a high-energy complex that regulates energy homeostasis and
promotes insulin resistance in glucose transport, insulin secretion,
and gene expression (36, 65). In renal cells, UDP-GIcNAc mediates
renal cell dysfunction through the OGT-Polycomb-Knot-Sns pathway
(66). Meanwhile, Leite et al. showed that UDP-GIcNAc can also inhibit
glycogen synthesis by blocking the glycogen synthase GSK-3f. On the
other hand, it can release HSF1 receptors, thus enhancing the heat
shock gene expression and stimulating the inflammatory reaction as
a way to induce diabetic nephropathy (Figure 2) (34).

Gln, as the most important intermediate in gluconeogenesis and
amino acid metabolism, can improve insulin resistance and reduce
renal injury through the hexosamine pathway. Additionally, it can

frontiersin.org


https://doi.org/10.3389/fnut.2023.1239838
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Lietal.

promote gluconeogenesis, control glucose metabolism, and prevent
protein hydrolysis in the liver and skeletal muscle, promoting protein
synthesis in those tissues (67). Perriello et al. showed that the normal
absorption of Gln in the population can regulate gluconeogenesis in
vivo (68). Hu et al. demonstrated that Gln by administration
attenuated sepsis-induced renal injury in mice (69). As scavengers of
reactive oxygen species (ROS), aspartate and glutamate help lessen
the oxidative stress and inflammatory response brought on by
DKD (70).

4.1.3. Other amino acids

A dipeptide called myostatin is produced in living cells from
f-alanine and L-histidine. It can protect podocytes and thylakoid
cells through antioxidant and anti-glycosylation properties,
thereby alleviating DKD and slowing down aging (71). Angelica
et al. showed that myostatin affects glomerular intracellular
pressure through vasomodulation of afferent small arteries, thereby
alleviating renal injury in DKD (72). Peters et al. demonstrated
that myostatin treatment reduced glomerular ultrastructural
damage, albuminuria production, and prevented alterations in
renal myostatin metabolism in diabetic mice (73). Zhu et al.
showed that myostatin could alleviate foot cell injury by targeting
cystatin-1 to inhibit its scorching effect as a way to alleviate
DKD (74).

Furthermore, different kinds of amino acids might be useful in
treating DKD. Luo et al. showed that Orn metabolites can alleviate
renal injury by activating activated mTOR signaling and cytoskeletal
remodeling in podocytes, and glycine can reduce proximal tubular
injury produced by hypoxia by increasing glomerular filtration rate
(75). Yatzidis et al. demonstrated that supplementation with glycine,
Asp., Glu, His, and arginine increased glomerular filtration rate in
normal subjects or in some patients with renal failure. By the way,
cysteine and acetylcysteine regulated insulin secretion and plasma
glucose levels. Methionine increased mitochondrial DNA density in
skeletal muscle and improved insulin sensitivity (61, 67). Tyrosine,
Trp, and phenylalanine are low aromatic amino acids that Barba et al.
demonstrated reduced renal damage and prevented renal fibrosis in
mice (76). Acetylcysteine has been shown by Li et al. to maintain
mitochondrial redox homeostasis by activating the SIRT3-SOD2/
Gpx4 pathway, which reduces iron death in DKD (77).

4.2. Drug treatment of DKD through
various amino acids

Emphasis on nephroprotective medicines in the family of anti-
diabetic sodium-glucose cotransport protein 2 (SGLT2) inhibitors
has gradually shifted in recent years away from its anti-glycemic
properties (78). Gong et al. showed that the SGLT2 inhibitor-
empagliflozin could mitigate renal injury in DKD through
protective effects related to catabolism and transport of
BCAAs (79).

Inhibitors of the prolyl hydroxylase enzyme for the hypoxia-
inducible factor (HIF), boost the production of erythropoietin in the
body naturally and are potentially effective new treatments for anemia
in chronic kidney disease. Hasegawa et al. indicated that the HIF
stabilizer Enarodustat (JTZ-951) can improve renal tissue oxidative
stress and glutathione to glutathione disulfide ratio in diabetic rats,
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contributing to renal energy metabolism that takes place in early
DKD (30).

Anthocyanins (ANT) are polyphenolic substances present in a
variety of foods. Li et al. concluded that anthocyanins could alleviate
renal injury in DKD by upregulating taurine, Trp, and tyrosine
pathways through histological analysis of kidney and serum in
mice (81).

Moreover, many herbs can relieve the complications of diabetes
in various ways (82). Rong et al. showed that artemether upregulated
the expression of Gln, aspartate, Orn, glycine, His, phenylalanine,
and threonine in mice with DKD, which in turn alleviated
DKD (83).

Han et al. showed that Yi-Shen-Hua-Shi granule could improve
DKD through the intestinal-renal axis, which was enriched to one of
the relevant metabolic pathways including phenylalanine, tyrosine,
and Trp, etc. (84). Tang et al. showed that Huang-Lian-Jie-Du
Decoction had a protective effect on DKD by modulating the AGEs/
RAGE/Akt/Nrf2 pathway approach to ameliorate disorders of
glucolipid metabolism and renal injury. The potential biomarkers
including phenylalanine metabolic processes, Trp in metabolism,
metabolism of glucose, etc. (85). The actions are summarized below
and shown in Table 2.

5. Conclusion

Different kinds of amino acids play different roles in the diagnosis
and treatment of diabetes nephropathy. DKD is difficult to detect, but
the metabolic changes of various amino acids can be used to diagnose
DKD earlier, which can buy more time for treatment. The majority
of the amino acids used as early diagnostic markers are essential
amino acids, with trp and BCAAs receiving the most research.
Non-essential amino acids Gln, Cit, and Orn can all be detected by
metabolomic methods with various elevated or decreased changes,
detecting kidney damage before proteinuria. Meanwhile, non-coding
amino acid taurine can exert stronger anti-inflammatory effects
through the production of Taucl and taurine supplementation can
well alleviate the renal damage of DKD. Empagliflozin and
Enarodustat both contain amino acids that are BCAAs and Gln,
which can treat DKD.

The essential amino acid BCAAs and the non-essential amino
acid Gln are widely involved in the early diagnosis of DKD. At the
same time, like the non-coding amino acid taurine, they can be used
as separate drugs to treat DKD. However, the role of taurine in early
diagnosis has not been explored.

Aside from a few amino acids specifically linked to DKD, a
combination of multiple amino acids is the most therapeutically
effective. There is a wide variety of amino acids, and more adequate
research is needed to explore whether there are other amino acids that
have a profound impact on the pathogenesis and early diagnosis of
DKD. Moreover, the pertinent materials are now primarily
experimental studies, and further clinical research is required to
further substantiate and demonstrate the therapeutic benefits of
amino acids. It is expected that amino acid metabolism will offer a
fresh direction and new ideas for the diagnosis of DKD and establish
the groundwork for the discovery of new therapeutic targets with an
in-depth investigation of the interaction between various amino acids
and DKD.
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TABLE 2 Studies of various amino acids in the treatment of DKD.

10.3389/fnut.2023.1239838

Amino acid Study  Conditions Sample Main results Medicine
Gln (68) Health Volunteers Serum People who absorb Gln normally can regulate gluconeogenesis Gln
in the body.
(69) Mice Serum, kidney Administration of Gln attenuates sepsis-induced kidney injury Gln
in mice.
Taurine (86) Rat Serum, urine Taurine can improve glomerular basement membrane Taurine
metabolism and renal function to prevent the development of
DKD.
Taurine, cysteine (86) — — Sulfur-containing amino acids such as taurine, cysteine and Taurine, cysteine
and methionine methionine can be used as complementary therapies to prevent | and methionine
diabetes and related complications.
Arginine (62) — Arginine supplementation can alleviate glomerulosclerosis and | Arginine
thus delay kidney damage.
Myostatin (alanine (72) Mice Serum, kidney Myostatin affects intra-glomerular pressure through Myostatin
and His) vasoregulation of afferent small arteries and alleviates renal
injury in DKD.
(73) db/db Mice Serum, urine Myostatin treatment reduced glomerular ultrastructural
damage and albuminuria production and prevented alterations
in renal myostatin metabolism in diabetic mice.
(74) Mice Urine, kidney Myostatin can alleviate DKD by targeting cystathione-1 to
reduce foot cell damage by inhibiting its scorching effect.
Orn (75) db/db Mice Urine, kidney Orn metabolites can mitigate kidney injury by activating Orn
activated mTOR signaling and cytoskeletal remodeling in
podocytes.
Glycine (87) — — High levels of Val and isoleucine may be a risk factor for the Glycine
development of DKD.
Glycine, Asp., Glu (67) CKD Patients Serum, urine Supplementation with glycine, aspartate, glutamate, His and Glycine, Asp., Glu
acid, His and arginine in normal subjects or in some patients with renal acid, His and
arginine failure increases glomerular filtration rate. arginine
Methionine (61) — — Methionine can also increase mitochondrial DNA density in Methionine
skeletal muscle and improve insulin sensitivity.
Low aromatic (76) Mice Urine, kidney Tyrosine, Trp and phenylalanine improve kidney injury as well Low aromatic
amino acids as prevent kidney fibrosis in mice. amino acids
Acetylcysteine (77) Beagle Serum, kidney Acetylcysteine alleviates mitochondrial dysfunction and Acetylcysteine
mitigates iron death in DKD via the SIRT3-SOD2 pathway.
BCAAs (79) db/db Mice Serum, kidney Engeletin may mitigate renal injury in DKD through protective | Empagliflozin
effects related to catabolism and transport of BCAAs.
Glutathione (80) Rat Serum, kidney Enarodustat improves the ratio of glutathione to glutathione Enarodustat
disulfide and alleviates oxidative stress in renal tissues of
diabetic animals.
Taurine, Trp, (81) Mice Serum, kidney Anthocyanins can mitigate renal damage in DKD by Anthocyanin
tyrosine upregulating taurine, Trp and tyrosine pathways.
Gln, aspartate, Orn, (83) db/db T2DM Mice Serum, kidney Artemisinin upregulated the expression of Gln, aspartate, Orn, Artemisinin
glycine, His, glycine, His, phenylalanine and threonine in mice, thereby
phenylalanine and alleviating DKD.
threonine
Phenylalanine, Trp (85) — Huang-Lian-Jie-Du Decoction ameliorates disorders of Huang-Lian-Jie-Du
glucolipid metabolism and renal injury by regulating AGEs and | Decoction
other protective effects on DKD.
Phenylalanine, (84) Rat Serum, kidney Kidney-rich granules can improve DKD through the intestinal- | Yi-Shen-Hua-Shi

tyrosine, and Trp

renal axis, where one of the relevant metabolic pathways

enriched to include phenylalanine, tyrosine and tryptophan.

granule
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