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Abstract: Diabetes is a metabolic disease characterized by high blood sugar. Its complica-
tions may damage multiple organs, such as eyes, kidneys, heart, blood vessels, and nerves,
severely threatening human health. Transferrin (Tf) is a major iron transport protein in the
body. Recent studies have shown that the degree of non-enzymatic glycated modification of
Tf is increased in diabetic patients, and glycated Tf is closely related to the occurrence and
development of diabetes and diabetic complications. However, the molecular mechanisms
underlying this glycated modification in diabetes and diabetic complications are still unclear.
It is speculated that the mechanism may be that glycated modification reduces the binding
ability of Tf and its receptor TR, followed by excessive iron accumulation in the body. Iron
overload in the body may further lead to the death of pancreatic beta cells and insulin
resistance by increasing oxidative stress, inducing iron death, interfering with the insulin
signaling pathway, and causing autophagy deficiency. In addition, non-enzymatic glycation
affects the binding of Tf with chromium and reduces the ability of Tf to transport chromium
into tissues, resulting in a decrease in the levels of chromium in tissues and ultimately
affecting the sensitivity of tissues to insulin. In diabetic patients, the concentrations of
glycated Tf in serum were significantly correlated with those of fructosamine.Tf has
a shorter half-life, and not affected by anemia or hypoalbuminemia and less negative charge
under physiological conditions, while glycated modification could not change the isoelectric
point of Tf, which easily passes through the negatively charged basement membrane of the
glomerulus. Therefore, compared to glucosamine, HbA1C, etc., glycated Tf may be a future
biomarker for evaluating short-term glycemic control and early renal damage in diabetic
patients.
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Introduction
Diabetes is a metabolic disease characterized by high blood sugar. The incidence of
diabetes is increasing worldwide. The International Diabetes Federation estimated that
the number of adults with diabetes was about 451 million in 2017 and that it would
increase to 693 million in 2045." Diabetic complications, such as nephropathy, retino-
pathy, atherosclerosis, and neuropathy, threaten human health severely.”
Non-enzymatic glycation reaction, also known as ‘“Maillard” reaction, is
a spontaneous, cascading, non-enzymatic, site-specific complex reaction.® It is
different from glycosylation (enzyme-mediated conjugation) that can site-
specifically link the sugar at lower temperatures. This mild modification has been
used to enhance the sugar-conjugation efficiency and improve the functional prop-
erties of proteins.*
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Non-enzymatic glycation of proteins sets the stage for
the formation of advanced glycation end-products and the
development of chronic complications of diabetes’
Transferrin (Tf) is a critical iron transport protein in the
body.®” In recent years, with the continuous deepening of
research technologies, such as proteomics and glycometa-
bonomics, and the rapid development of related detection
technologies, such as high-performance liquid chromato-
graphy/electrospray ionization-mass spectrometry
(HPLC/ESI-MS), studies have shown that non-enzymatic
glycated modification of Tf is closely related to the occur-
rence and development of diabetes.*'? In vitro, under
high sugar state, Lys 206 and Lys 534 in the structure of
apo-transferrin® or Lys103, Lys312, and Lys382 in the
structure of holo-transferrin'® are most sensitive to glyca-
tion modification. The specific glycation of these sites
may affect the normal structure and function of Tf.
Compared to non-diabetic patients, the degree of Tf gly-
cation in the serum of diabetic patients was increased."
The glycation modification damages to the iron-binding
capacity of Tf,'' contributing to increased oxidative
stress'* and the occurrence of non-Tf-bound iron species
(NTBI). The prevalence of NTBI in diabetes has been
described.'?

The role of iron overload has been verified in the
occurrence and development of diabetes.'” The patients
with hereditary hemochromatosis (HH),'® delta-beta
thalassemia,'’ or excessive heme iron intake'® may have
higher morbidity of type 2 diabetes mellitus. The mechan-
ism may be that the free iron accumulated in the pancreas
participates in the Fenton reaction to generate reactive
oxygen species (ROS), which further induces oxidative
stress and pancreatic B-cell apoptosis'® and eventually
affects insulin secretion. In addition, the accumulation of
iron in the liver may also lead to insulin resistance.*

Clinical studies have shown that the concentrations of
glycated Tf'in the serum of diabetic patients were significantly
positively correlated with serum fructosamine concentrations.
The degree of Tf glycation and albumin was higher than that
of other serum proteins, while the half-life of Tf was shorter
than that of albumin. Therefore, glycated Tf has the potential
to be a biological indicator reflecting the short-term glycemic
control status of diabetic patients in the future.*' This study
reviewed the roles and possible mechanisms of Tf non-
enzymatic glycation in the occurrence and development of
diabetes.

Structure and Function of Tf

Human Tf, a ferroprotein with a molecular weight of about
79 kDa, is composed of 679 amino acids. It is synthesized
primarily by the liver and then released into the blood with
a stable content. The serum concentration is generally 2-3
g/L.° If the serum Tf concentration is <0.1 g/L, the
chances of infection, growth retardation, and anemia
increase significantly.>> The Tf molecule can be divided
into two domains: the amino-terminal (N-terminal, includ-
ing 336 and the
(C-terminal, including 343 amino acids). The N-terminal

amino acids) carboxy-terminal
and C-terminal domains are composed of two small sub-
units with the same size, and the gap between the small
subunits is the Fe®" binding sites, which can reversibly
bind Fe**.%7 Tf can be divided into apo-Tf, mono-Tf, and
holo-Tf, according to the binding numbers of Fe**. %

For many years, Tf has been regarded as the core of iron
metabolism.” As a powerful iron chelator, it binds iron tightly
and reversibly and allows iron to circulate in the body as
a soluble and non-toxic form. Also, it transports iron to the
corresponding tissues and organs in a receptor-mediated pH-
dependent way. The ability of Tf to transport iron is related to
its special structure. As shown in Figure 1, iron (Fe*" in food
is reduced to “Fe?" under the action of gastric acid and
reducing substances, which is absorbed by intestinal mucosa
cells, then the absorbed “Fe*" » is oxidized as “Fe*™ by
ceruloplasmin, then “Fe>™ binds to Tf, and the conformation
of Tf changes immediately after binding with “Fe*"”, which
helps Tf to bind to the Tf receptor (TfR) on the cell mem-
surface to form a “TfR- Tf-Fe*™”

Subsequently, the complex enters the cell through receptor-

brane complex.
mediated endocytosis to form an endosome coated with
clathrin. In the acidic milieu (pH<5.5) in the endosome,
“Fe>™ dissociates from Tf and is reduced to “Fe*™ by
metalloreductases such as six-transmembrane epithelial anti-
gen of the prostate 3 (STEAP3) followed by transportation
into the cytosol by divalent metal transporter 1 (DMT1).
Following, the Tf/TfR complex recirculates to the cell sur-
face, separates, and enters into the blood circulation for the
next process of iron ion transport.”> > In addition to the main
function of binding and transporting iron, Tf has antibacterial
activity and participates in the growth, differentiation, and
cell protection.® For example, apo-Tf may inhibit bacterial
adhesion,?® remove free iron ions from the body, and protect
tissues from the toxic effects of ROS. It also improves the

anemia state in the animal model of beta-thalassemia.?”?®
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Figure | The process of Tf binding to a receptor to transport iron. The iron (Fe**

which is absorbed by intestinal mucosa cells, the absorbed “Fe2*t

in food is reduced to “Fe®" "under the action of gastric acid and reducing substances,
is oxidized as “Fe** by ceruloplasmin, then Fe** binds to Tf, and the conformation of Tf changes

immediately after binding with Fe>*, which helps Tf to bind to the Tf receptor (TfR) on the cell membrane surface to form a “TfR-Tf-Fe>*” complex. Subsequently, the
complex enters the cell through receptor-mediated endocytosis to form an endosome coated with clathrin. In the acidic milieu (pH<5.5) in the endosome, Fe** dissociates
from Tfand is reduced to Fe?* by metalloreductases such as six-transmembrane epithelial antigen of the prostate 3 (STEAP3) followed by transportation into the cytosol by
divalent metal transporter | (DMT).Following, the Tf/TfR complex recirculates to the cell surface, separates, and enters into the blood circulation for the next process of

iron ion transport.

Abbreviations: Apo-Tf, non-iron bound transferrin; Holo-Tf, diferric transferrin; TfR, Tf receptor; STEAP3, six-transmembrane epithelial antigen of the prostate 3; DMTI,

divalent metal transporter |.

Non-Enzymatic Glycated
Modification of Tf and Related

Diseases

Glycation is a common post-translational modification. In
the early stage of the reaction, the aldehyde or ketone
groups of reducing sugars (glucose, fructose, or galactose)
are condensed with the g-amino groups of lysine or hydro-
xylysine in the protein molecules to form an unstable
Schiff base, the unstable base rearranges to form stable
ketamine, known as Amadori products.

Then, Amadori products are oxidized, degraded, dehy-
drated, and rearranged to produce intermediate products,
such as aldehydes, two-carbon compounds, and reduced
ketones. Eventually, these intermediate products may be
further polymerized or reacted with amino acids and
nucleic acids to form a variety of compounds collectively
termed as advanced glycated end-products (AGEs).>?’
The glycation process is shown in Figure 3. To date,
many AGEs-modified proteins, such as hemoglobin, albu-
min, collagen, lens proteins,and erythrocyte membrane
proteins, have been reported.**3*

The formation of AGEs is accompanied by the produc-
tion of ROS, and their cross-linking properties of AGEs
can impair the normal protein function® AGEs bind to the
cell surface receptors (receptor for AGE (RAGE)) to

activate NF-kB or other signaling pathways that regulate
transcription of a number of proteins, including E-selectin,
pro-inflammatory cytokines, and tissue factors, leading to

34,35

a series of pathophysiological effects, which might be

the foundation for one of the diabetic pathogenesis: “meta-
bolic memory” theory.>>-°

In recent years, the liquid-mass spectrometry technol-
ogy of the glycol-proteomics has shown abnormal Tf
glycation in a variety of diseases. This abnormal modifica-
tion may be used as a critical biological marker in the
clinical diagnosis of some diseases. A controlled clinical
study on patients with ovarian cancer showed differences
in the glycated characteristics of serum Tf between normal
individuals and patients with borderline ovarian cancer,
which might be superior to CA125 in the diagnosis of
borderline ovarian cancer.’’ Penezi¢ et al showed that the
structure of serum Tf glycans differed between the differ-
ent healthy people with varied ages and type 2 diabetes or
colon cancer patients, as assessed by lectin-based protein
chip technology.’® Compared to healthy controls, oral
squamous cell carcinoma patients have different expres-
sion levels of N-glycotypes of several serum proteins, such
as Tf, IgG1, IgG4, and haptoglobin.>® The serum profile of
Tf isoforms is altered in patients with rheumatoid arthritis
(RA) and RA patients treated with rituximab. Thus, we
can predict that the levels of trisialylated isoforms of Tf
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serve as a biochemical marker of the RA activity, and the
relative concentration of trisialotransferrin, tetrasialotrans-
ferrin, and pentasialotransferrin can be a useful tool for

monitoring the therapy.**!

Non-Enzymatic Glycated Tf,
Diabetes, and Diabetic

Complications

Diabetes, a metabolic disease characterized by hypergly-
cemia only when inadequately treated, is caused by var-
ious factors, such as genetics and environmental
conditions. The complications may cause damage to multi-
ple organs (eyes, kidneys, heart, blood vessels, and
nerves), seriously threatening human health. Hitherto, dia-
betes has not been cured, and hence, early diagnosis and
effective glycemic control may be necessary.

While low levels of glycation do occur at normal blood
glucose concentrations, the rate is very low and so is the
accumulation of glycated protein end-products. Studies
showed that the degree of glycation of total plasma pro-
teins in diabetic patients with poor blood sugar control was
increased. The relative degree of glycation of different
plasma proteins is a complex function of glucose concen-
tration and the half-life chemical properties of each

.42
protein.

Thus, effective biological markers for early
diagnosis of diabetes and blood sugar monitoring through
protein glycation are still under intensive research focus.
Glycated hemoglobin (HbAlc) and glycated serum protein
(GSP) are common indicators used clinically to evaluate
the mid- and long-term glycemic control status of diabetic
patients, among which the former reflects average blood
glucose levels of diabetes from 4 to 8 weeks, while the
latter reflects the same from 1 to 3 weeks. However, these
indicators are not suitable for diabetic patients with anemia
or hypoalbuminemia as they are affected by moderate-to-
severe anemia and serum albumin concentration.*®

A clinical cross-sectional study revealed a correlation
between the ratios of AGEs/sRAGE in serum and the
ratios of urine albumin/serum creatinine in type 2 diabetic
patients with renovascular complications, speculating that
AGEs and sSRAGE may be early prediction indicators of
vascular complications in uncontrolled type 2 diabetic
patients.**

Tf is one of the iron transport proteins, and the correla-
tion between its glycation modification and type 2 diabetes
gained increasing attention. Soboleva et al detected the
difference in glycated sites of high-content plasma proteins

between type 2 diabetic patients and healthy subjects of
the same age and sex using LC-MS and found six glycated
sites of plasma Tf in type 2 diabetic patients.*> Golizeh
et al reported that compared to normal controls,6 lysine
and 1 arginine residues were modified by glycation in the
serum Tf of type 2 diabetic patients, as assessed by shot-
gun proteomics and heavy water (*H,0)-based metabolic
labeling method.® Amadori peptides, as early glycated
products, the contents in the plasma of type 2 diabetic
patients were significantly higher than that of healthy
individuals, and the high glucose status had varying
degrees of influence on the glycated sites of human plasma
proteins. It also revealed the K683 site that was modified
glycation of Tf, demonstrated by MS analysis.*°

The diabetic patients showed an increased degree of

f,'3* and the degree

non-enzymatic glycation of serum T
of glycation increased from 1% to 2% in healthy indivi-
duals to 5% in adult diabetic patients,** while it increased
from 4% in healthy children to 11% in children with type 1
diabetes.?' Lactoferrin is a special form of Tf that exists in
tears and colostrum. The levels of glycated lactoferrin in
the tears of patients with diabetic retinopathy were
increased,*” and the degree of N-glycated of lactoferrin
in the milk of patients with gestational diabetes also
increased significantly.*® The glycated modification of lac-
toferrin might affect the natural antibacterial activity,
thereby increasing the susceptibility of people with dia-
betes to bacteria.*’

Animal experiments have shown that not only the
serum levels of glycated Tf in the diabetic rats,”® but
also the levels of glycated Tf in the kidney tissues were
increased significantly and were positively correlated with
diabetes and blood sugar levels.’' Dextran gel electrophor-
esis showed that the degree of glycated albumin and gly-
cated Tf in the serum of diabetic patients was higher than
that of other proteins.>® Tf has a shorter half-life (8 days)
than albumin. Therefore, glycated Tf may be a sensitive
indicator for the glycemic control status of diabetic
patients.”! Other studies have shown that glycated Tf is
positively correlated with the concentration of fructosa-
mine in serum and the levels of glycated albumin. Under
physiological conditions, Tf is less negatively charged
than albumin, and glycation fails to change the isoelectric
points of Tf. Glycated Tf permeates the negatively charged
glomerular basement membrane, and hence, is sensitive to
the early damage of the glomerular charge barrier in
patients with diabetic nephropathy.*

2542 "

Dove!

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Ma et al

Molecular Mechanisms of
Non-Enzymatic Glycated Tf in
Diabetes and Diabetic

Complications

Sustained hyperglycemia caused by diabetes contributes to
the non-enzymatic glycation of Tf and the production of
AGEs-modified Tf.

AGEs are a complex class of heterogeneous molecules
that cause protein cross-linking. Their cross-linking prop-
erties could confer effects by directly altering the structure
of proteins and disrupting their cellular functions. The
glycated proteins and the gradual accumulation of AGEs
reduce enzyme activity, reduce ligand binding, and change
the half-life and immunogenicity of proteins.*>*

Increased AGEs in the circulation may upregulate the
expression levels of RAGE. The accumulation of AGEs
and the increased expression levels of their receptors play
a critical role in diabetes and its complications.”* Animal
models showed that AGEs and RAGEs were related to
several complications of diabetes, such as nephropathy,”
retinopathy,*® and neuropathy.’” Clinical studies have also
shown a correlation between serum AGEs/sRAGE ratios
and urine albumin/serum creatinine ratios in type 2 dia-
betic patients with reno-vascular complications.**

AGEs can activate intracellular signal pathways, such
as mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK), phosphatidylinositol 3
kinase/protein kinase (PI3K/AKT), janus kinase/signal
transducer and activator of transcription 1 (JAK2/
STAT1), or NADPH oxidase/ROS after binding to
RAGE, the main signal receptor on the cell membrane
surface. These pathways act in synergy on the nuclear
factor NF-«B to induce the production and release of pro-
inflammatory cytokines (TNF-a and IL-6), oxidative stress
indicators (ROS), and pro-fibrotic cytokines (TGF-f and
IL-13), thereby promoting the occurrence and develop-
ment of diabetes and its complications.?%->4>%>7

Carboxymethyl lysine (CML) is one of the members of
the AGEs family, which might interfere with the regula-
tory feedback mechanism of intracellular cholesterol to
cause intracellular lipid accumulation and diabetic nephro-
pathy, and AGEs inhibitor aminoguanidine hydrochloride
may delay the progress of diabetic nephropathy.®

Furthermore, AEGs overload is related to the occur-
rence of diabetic nephropathy, probably by interfering with
the autophagy-lysosomal pathway.®' AGEs also induce the
nuclear accumulation of FoxOl, this in turn reduced

pancreaticoduodenal homeobox-1 (Pdx-1) expression by
decreasing its protein stability, ultimately contributing to
a deficiency in insulin synthesis.®*

Tf is a specific protein, and the effect and mechanism
of its glycated modification on the occurrence and devel-
opment of diabetes and its complications are yet to be
clarified. The non-enzymatic glycation of Tf may hinder
its function as a high-affinity iron-binding protein.” The
molecular dynamics model showed that the reduction in
the iron-binding capacity of glycated apo-Tf might be
related to the stereochemical effect caused by the glycation
of the lysine residue in the molecule, which interfered with
the conformational change required for its binding to the

metal.®

As the glycated sites of holo-Tf were distal from
the iron-binding site, the abnormal iron release caused by
glycation could be related to the cumulative effect of the
instability of the overall structure due to the destruction of
the hydrogen bond in the Tf molecule and the electrostatic
interaction.'®

The specificity of Tf glycated modification sites under
high glucose conditions might affect their normal structure
and function. We observed that in vitro, after incubation of
apo-Tf or holo-Tf with different concentrations of glucose,
followed by HPLC/ESI-MS analysis, Lys 206 and Lys 534
sites in the structure of apo-Tf” and Lys103, Lys312, and
Lys382 sites in the structure of holo-Tf'® were most sen-
sitive to glycation. Fujimoto et al discovered that the
generation of oxygen free radicals (O*) and hydroxyl
(OH) by the glycated holo-Tf was more than that by
glycated apo-Tf.**

In addition to affecting iron transport, Tf glycation may
also hinder its binding to TfR. X-ray crystallography and
cryoelectron microscopy mapped the Tf c-lobe region that
interacts with TfR to the amino acid sequence residues
349-378 of Tf, and the residues K354, K365, and K380
located at or near these regions and glycated undergo
conformational changes, destroying the binding between
Tf and TfR."

Tf glycation may weaken its affinity to TfR. In addi-
tion, TfR glycation under high sugar conditions may affect
the interaction between TfR and Tf. Georgieff et al®’
demonstrated that TfR isolated from the placenta of dia-
betic patients had a higher molecular weight than that of
non-diabetics; this difference could be attributed to the
occurrence of glycation of N-chain oligosaccharides in
the TfR of placenta in the hyperglycemia state. This gly-
cated modification of TfR might change its three-
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dimensional structure or charge, thereby reducing its bind-
ing affinity to Tf.

The above effects led to the continued existence of
NTBI in serum. Iron is an indispensable element for main-
taining the normal function of pancreatic p-cells and glu-
cose metabolism. However, iron overload may also cause
a series of toxic effects. Additional studies confirmed the
correlations between iron metabolism and diabetes. Iron
metabolism affects sugar metabolism and vice versa; these
phenomena are mediated by oxidative stress and inflam-
matory factors.®®

The mechanism of iron overload leading to diabetes
and its complications could be that free iron deposits in
various cells, such as the pancreas and liver, generate some
0> and OH by participating in the Fenton and Haber—
Weiss reactions. These O*” and OH further damage intra-
cellular proteins, lipids, and nucleic acids, resulting in
abnormal mitochondrial function, leading to cytotoxic
damage and apoptosis.®” Moreover, pancreatic P cells are
extremely sensitive to oxidative stress, ultimately leading
to insulin resistance and decreased secretion.®®® In addi-
tion, iron-chelating agents reduce ferritin levels and
increase insulin sensitivity in diabetic patients.”® The iron-
overloaded diabetic rat model showed that iron aggravates
diabetic kidney damage by promoting oxidative stress and
reducing the body’s antioxidant capacity.”'

Abundant iron is deposited in the liver. It interferes
with the production of liver glycogen, reduces the
uptake of insulin in liver, and interferes with insulin
signal transduction, eventually leading to peripheral
hyperinsulinemia.”?

The chronic iron overload may cause autophagy
defects by inhibiting the mTOR complex 1 (mTORCI1)-
UVRAG and could be a novel mechanism for insulin
resistance; however, removing excess iron in the body
eliminates abnormal autophagosomes in the body and
increases insulin sensitivity. This phenomenon is consis-
tent with the clinical use of iron chelator therapy to
increase insulin sensitivity, thereby alleviating the progres-
sion of type 2 diabetes.”* In addition, studies have shown
that glycation of insulin (INS) itself as well as insulin
receptor (IR), insulin-like growth hormones and their
receptors, etc., contribute to INS resistance, and may pro-
vide a mechanism for the development of INS resistance
in diabetes.”*”” Therefore, glycation of these proteins
including Tf may play important roles in diabetes
pathogenesis.

Iron overload is a specific death method different from
apoptosis, cell necrosis, and autophagy, called “iron
death.” Recently, Li et al detected the characteristic
changes of “iron death” in the kidneys of diabetic mouse
models and human proximal tubular epithelial cells (HK-
2) cultured with high glucose and iron overload. The
weakened antioxidant capacity, large amounts of deposi-
tion of ROS and lipid peroxidation, and decreased expres-
sion of NFE2-related factor 2 (Nrf2) were observed in
diabetic nephropathy models. Fenofibrate inhibits dia-
betes-related iron death by upregulating the expression of
Nrf2 and delays the progression of nephropathy.”®
Quercetin may have a beneficial effect on type 2 diabetic
patients by inhibiting iron deposition in the pancreas and
effectuating iron death of pancreatic B-cells.””

Clinical studies have shown that serum iron metabo-
lism indexes (iron, ferritin, and transferrin saturation) and
insulin resistance index (HOMA-IR) in patients with
gestational diabetes were higher than in the control
group, and regression analysis indicated that serum ferritin
and Tf saturation were significantly positively correlated
with HOMA-IR index.** A longitudinal and retrospective
study encompassing 111 type 2 diabetic patients with
kidney diseases showed that the iron accumulation con-
firmed by biopsy in renal tubular epithelial cells of patients
with diabetic nephropathy was higher than that in the
control group.®! Therefore, the iron overload caused by
the non-enzymatic glycated Tf under high-glucose state
may be closely related to the occurrence and development
of diabetes and its complications.

Chromium improves the sensitivity of tissues to insulin
in animal models of obesity, insulin resistance, or diabetes;
however, the premise of this effect is chromium transpor-
tation to insulin-sensitive tissues, wherein Tf plays
a critical role. Animal experiments have shown that non-
enzymatic glycated modification under high glucose con-
ditions alters the conformation of Tf and affects its binding
to chromium, thereby reducing the ability of Tf to trans-
port chromium into tissues.®?

From what has been discussed above, the degree of non-
enzymatic glycated modification of Tf is increased in dia-
betic patients, but the roles and mechanism of this glycation
in diabetes and diabetic complications are yet to be clarified.
Herein, we speculated that the mechanism might be that
glycated modification reduces the binding ability of Tf and
its receptor TR, resulting in excessive iron accumulation in
the body. The iron overload in the body may further lead to
the death of pancreatic beta cells and insulin resistance by
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increasing oxidative stress, inducing iron death, interfering
with the insulin signaling pathway, and causing autophagy
deficiency. In addition, non-enzymatic glycation affects the
binding of Tf with chromium, reducing the ability of Tf to
transport chromium into tissues, resulting in a decrease in the

levels of chromium in tissues and ultimately affecting the

sensitivity of tissues to insulin. The roles and mechanism of
non-enzymatic glycated Tf in diabetes mellitus and the
related complications are summarized in Figure 2.

In conclusion, in diabetic patients, the concentrations
of glycated Tf in serum were significantly correlated with

fructosamine concentrations. Tf has a shorter half-life, and
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Figure 2 The roles and mechanism of non-enzymatic glycated Tf in diabetes and its complications.

Abbreviations: Tf, transferrin; AGEs, advanced glycated end-products; RAGE, AGEs receptor; TfR, Tf receptor; Pdx- 1, pancreaticoduodenal homeobox-1; NTBI, non-Tf-
bound iron species; ROS, reactive oxygen species; MAPK/ERK, mitogen-activated protein kinase/extracellular signal-regulated kinase; PI3K/AKT, phosphatidylinositol 3
kinase/protein kinase; JAK2/STAT 1, janus kinase/signal transducer and activator of transcription I; mTORCI-UVRAG, mTOR complex |-UVRAG-2 oxygen free radicals;
OH, hydroxyl; TNF-0, tumor necrosis factor-a; IL-6, interleukin-6; TGF-, transforming growth factor-f; IL-13, interleukin-13;
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HOH H
( la N (QHOH) [ Ay — features:
H, OH v é 10 v H2 a. terminal fluorescence
H,OH (CHOH)3 b. molecular crosslinking
H, OH c. biological recognition

Glucose Protein Schiff base Amadori product

Figure 3 The non-enzymatic glycation process.
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is not affected by anemia or hypoalbuminemia, and less of

a

negative charge under physiological conditions, while

glycation could not change the isoelectric point of Tf. In

addition, Tf passes through the negatively charged base-

ment membrane of the glomerulus easily, and therefore,

compared to glucosamine, HbA1C, etc., glycated Tf may

be a promising biomarker for evaluating short-term glyce-

mic control and early renal damage in diabetic patients in

the future. However, there are still relatively few studies

on the mechanism of glycation of Tf in diabetes mellitus

and its complications, and the monitoring technology is

relatively complex. Therefore, its clinical application in

the diagnosis and treatment of diabetes and its complica-

tions still needs more verification.

So far, there is no definite method to reduce the glyca-

tion of protein. Studies have shown that the supplementa-

tion of vitamin C can decrease the glycation degree of

insulin and ameliorate aspects of the obesity-diabetes syn-

drome in ob/ob mice.®* In vivo and in vitro studies also

showed that L-lysine could significantly improve the struc-

ture and function of glycated lysozyme in type 2 diabetes,

thereby reducing the risk of infection in these patients.®*

However, it still needs a lot of studies to confirm whether

these substances may reduce the glycation of Tf.
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