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Abstract
Objectives Glycoproteins are organic compounds formed from proteins and carbohydrates, which are found in many parts of the
living systems including the cell membranes. Furthermore, impaired metabolism of glycoprotein components plays the main role
in the pathogenesis of diabetesmellitus. The aim of this study is to investigate the influence of glycoprotein levels in the treatment
of diabetes mellitus.
Methods All relevant papers in the English language were compiled by searching electronic databases, including Scopus,
PubMed and Cochrane library. The keywords of glycoprotein, diabetes mellitus, glycan, glycosylation, and inhibitor were
searched until January 2019.
Results Glycoproteins are pivotal elements in the regulation of cell proliferation, growth, maturation and signaling pathways.
Moreover, they are involved in drug binding, drug transportation, efflux of chemicals and stability of therapeutic proteins. These
functions, structure, composition, linkages, biosynthesis, significance and biological effects are discussed as related to their use as
a therapeutic strategy for the treatment of diabetes mellitus and its complications.
Conclusions The findings revealed several chemical and natural compounds have significant beneficial effects on glycoprotein
metabolism. The comprehension of glycoprotein structure and functions are very essential and inevitable to enhance the knowl-
edge of glycoengineering for glycoprotein-based therapeutics as may be required for the treatment of diabetes mellitus and its
associated complications.
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IFN-β Interferon beta
IL-5 Interleukin 5
MAbs S protein-specific

monoclonal antibodies
MHV Murine hepatitis virus
P-glycoprotein (P-gp)
Pro Proline
PTMs Post-translational modifications
rHuEPO Recombinant human erythropoietin
Ser Serine
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Thr Threonine
UDP-GalNAc Uridine

diphosphate-N-acetylgalactosamine
UDP-GlcNAc Uridine

diphosphate-N-acetylglucosamine

Introduction

Diabetes mellitus is burgeoning its hands worldwide. It has
been documented that diabetes was the leading cause of death
accounting for 1.5 million death in 2012, whereas in 2014
around 422 million people suffered from it [1]. Diabetes com-
plications include diabetic ketoacidosis (DKA), strokes, heart
disease, fatigue, diabetic retinopathy, and diabetic retinopathy,
etc. [2]. Diabetes exists in two forms, i.e. diabetes mellitus and
diabetes insipidus. Out of these two conditions, most of the
people are suffering from type 2 diabetes mellitus (DM2 or
T2DM). The leading responsible cause of T2DM is a seden-
tary life style, genetic makeup, bad food habits, lack of phys-
ical activity and obesity. The prevalence of diabetes has been
reported to be comparable in low versus high-income coun-
tries in 2018 [3].

A plethora of factors contributes to the progression of
T2DM. However, the mutation in genes involved in the regu-
lation of glucose uptake and metabolism can enhance the risk
of diabetes in the gene carriers. These genes are TCF7L2
(responsible for insulin secretion and glucose production),
ABCC8 (responsible for insulin regulation), CAPN10 (asso-
ciated with T2DM), GLUT2 (involved in the movement of
glucose in the pancreas) and GCGR (associated with glucagon
hormone).

Glycoproteins are a vital form of biomolecules that partic-
ipate in numerous types of physiological and abnormal con-
ditions. These protein-carbohydrate compounds exist in many
forms of vital importance such as hormones, enzymes, mem-
branes, and antibodies. Over the years, glycoproteins have
gained increasing interest due to the biological significance

as they have implicated indirectly or directly in disease con-
ditions, including diabetes mellitus [4, 5].

Furthermore, it is well established that glycosylation affects
the inherent features of proteins such as antigenicity, stability,
immunogenicity, and conformation [6]. The carbohydratemoiety
of glycoproteins has several biological functions such as cell
adhesion, development, immune responses, trafficking, host-
pathogen interactions and signaling [5, 7–9]. N-glycosylation is
essential in endoplasmic reticulum (ER)-related breakdown cas-
cade, quality control and in protein folding mediated by lectin
[10, 11]. Lysosomal enzymes are specific in recognizing and
selecting the different abnormal substances over others due to
the presence of Mannose-6-phosphate (M6P)-labelling as a
marker [12, 13]. Recognition of glycoproteins displayed on the
cell membrane surface is employed by pathogens in the modu-
lation of the host immune response during viral and bacterial
infections [14–18]. Furthermore, the progression of diseases like
autoimmune and cancer disorders inhibit the process of glyco-
sylation [19–21]. Interestingly, Monoclonal antibodies among
other vital therapeutic proteins are glycosylated and their exis-
tence, as well as sugar chain structures, are essential for their
stability and biological actions [22, 23]. Accordingly,
comprehending the structure and functions of glycoproteins are
very essential and inevitable. Therefore, this study aims to delin-
eate the structure and biological roles of glycoproteins in diabetes
mellitus emphasizing their involvement in the regulation of this
disorder.

Pathogenesis of Diabetes mellitus : Cellular
and molecular insights

Type 1 diabetes

Type 1 diabetes mellitus (T1DM) also known as insulin depen-
dent diabetes mellitus (IDDM) is influenced by genetic and en-
vironmental factors [24], resulting in the autoimmune destruction
of β-cells responsible for the production of insulin in the pancre-
as. Plethora of environmental factors (enteroviruses, toxins or
dietary factors) over a span of months to years might similarly
trigger the development of T-cell dependent autoimmune activi-
ties in genetically susceptible persons. Moreover, during this pe-
riod sufferer are asymptomatic but positive for autoantibodies.
T1DM has been reported to affect males and females equally
[25] while declining the life expectancy by approximately 13
years [26]. The article will give detail genetic, immunologic
and environmental factors that ultimately destroy β-cells in the
pancreas resulting in insulin deficiency.

Genetic Factors:

Type 1 diabetes represents about 10 – 15% occurrence in
individual who have first or second degree relative with
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diabetes and may normally occur in individuals without any
family history of diabetes. However, a significant increase in
the risk of developing T1DM is more in relatives of patients
compared to the general population [27–29]. More interest-
ingly, if a patient’s parent has T1DM, the risk for developing
T1DM is 5% and it becomes higher if, among the parents, the
father is the diabetic patient [30]. Reports have identifiedmore
than 50 genetic risk loci related to T1DM [31] whereas gene
variants occurring in a major locus named major histocompat-
ibility complex (MHC) region, also known as human leuko-
cyte antigen (HLA) [32] have similarly been reported to con-
fer between 50–60% of genetic risk associated with T1DM
development [33]. The genetic risk is linked with the expres-
sion of the gene by affecting the HLA protein ability to bind to
antigenic peptides and their antigen presentation to T cells
[34]. It has been reported that an additional 50 genes contrib-
ute as smaller effects to T1DM individually [35].

The polymorphisms occurring at the region coding insulin
gene Ins-VNTR promoter and that of a cytotoxic T
lymphocyte-associated antigen-4 gene (CTLA-4) are reported
to account for between 10-15% genetic risks to T1DM.
CTLA-4 gene is critical in ensuring overall immune respon-
siveness by coding a molecule which plays a significant role
in maintaining the functionality of T-cells [36]. CTLA-4 poly-
morphism has been linked with T1DM and with other gene
related autoimmune diseases as well [37]. Besides, other ge-
netic associations that have influence on T1DM are numerous
and include Autoimmune regulator (AIRE), Erb-B2 receptor
tyrosine kinase 3 (ERBB3), Forkhead box P3 (FoxP3),
Huntingtin-interacting protein 14 (HIP14), Interferon-
induced helicase C domain 1 (IFIH1), Interleukin (IL)-2
receptor-α (ILR2A), Protein tyrosine phosphatase non-
receptor type 22 (PTPN22), as well as Signal transducer and
activator of transcription 3 (STAT3) [37].

Epigenetic Factors:

It has been reported that epigenetics contributes significantly
to T1DM [38]. Epigenetic modification including DNAmeth-
ylation exists at cytosine residues primarily in the context of
CpG dinucleotides. Disease associated with CpG sites can be
identified with several approaches including systematic
epigenome-wide association studies (EWASs) applied to
quantify differences in the DNA methylation at CpG sites
between cases and controls, which are differentially termed
methylated CpG positions (DMPs). Further studies with
DMPs have shown they associate with a multitude of complex
traits and other diseases including T1DM [39, 40].

Genome-wide DNA methylation quantitative trait locus
(mQTL) analysis in human pancreatic islets was performed
to reveal genome-wide associations between genetic and epi-
genetic variations. It was documented that such mechanisms
influence islet mRNA expression, function and thus potential

risk of diabetes [41]. Studies had demonstrated that several
candidate genes (GPX7, GSTT1, and SNX19) directly influ-
ence critical biological processes and functions including pro-
liferation and apoptosis in pancreatic β cells. Approximately,
90% of the causal variants in T1DM are noncoding with esti-
mated ~60% mapping to immune-cell enhancers and many of
which gain histone acetylation and transcribe enhancer asso-
ciated RNA after immune stimulation [42]. In a study to ex-
plore the cellular and molecular changes in islets of pancreas
andβ cells in response to immunological stressors (proinflam-
matory cytokines), it was reported that epigenetic modifica-
tion (methylation of insulin DNA) may be a mechanism by
which insulin gene expression is affected during the progres-
sion of T1DM in nonobese diabetic mice [43]. Moreover, to
explain discordance of T1DM in identical twins through dif-
ferential epigenetic variation it was reported that there is an
enrichment of differentially variable CpG positions (DVPs) in
T1DM twins as compared with other healthy co-twins and
with healthy, unrelated individuals, thus hinting the role of
epigenetic changes and their associations with the pathogene-
sis of T1DM [44].

Environmental factors

The continuous increase in global incidence, integration of
local disease occurrence rates when migration from a region
of low-incidence to a region of high-incidence countries and
variance in geographic prevalence, all support the involve-
ment of environmental factors [45]. Environmental factors in
corroboration with genetic factors triggers also trigger autoim-
munity leading to subsequent progression into T1DM, as sup-
ported by the fact that individuals living with the highest-risk
HLA haplotypes are not observed to develop T1DM [29].
However, the extreme exposures to environmental conditions
triggers in the first few years of life may also be critical as
suggested by evidences from the early age of the onset of islet
autoantibodies actions in childhood-onset of T1DM.
However, the variability of age at the disease onset may com-
plicate the study of its effects on environmental exposures.

Viral infection is another mechanism implicated in the oc-
currence of diabetes, however, there is no direct evidence re-
ported as a particular strain of virus being link to cause T1DM
[46]. Interestingly, it has been documented that exposure dur-
ing fetal life to rubella has been shown to increase the inci-
dence of T1DM and other autoimmune disorders [37]. Data
from epidemiological studies have strongly suggested the in-
volvement of coxsackievirus B (an enterovirus) in T1DM de-
velopment as evident from the presence of RNA or proteins
from such enteroviruses in pancreas and some other neighbor-
ing tissues from T1DM patients. Enteroviruses infect the β
cells and activate innate immunity and inflammation in the
early phase of T1DM. Although as an antiviral protein,
virus-induced interferon alpha acts as initiators towards
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autoimmunity directed against pancreatic β cells and this can
be deleterious. Moreover, enteroviruses can interact effective-
ly with adaptive immune system by successive or through
persistent infections [47]. Host genes, such as IFIH1 which
encode melanoma differentiation-associated protein 5
(MDA5), influence susceptibility of individuals to T1DM.
Reports have shown that an upward activity of the IFIH1
protein activities may promote T1DM development. Once
viral infection occurs, MDA5 proteins provoke the prolifera-
tion of mediators of the innate antiviral immune response, thus
acting as a cytoplasmic sensor to viruses, more especially
coxsackieviruses B [48, 49]. In a study to explore the relation-
ship between autoimmunity, insulitis, viral infection, β cell
function and survival in T1DM, islets from six recent-onset
T1DMpatients were studied. Enterovirus was found to be able
to infect β cells in T1DM patients, which is associated with
inflammation and functional impairment [50]. Viruses may
also induce an autoimmune response by using mechanisms
like molecular mimicry, a phenomenon involving the sharing
of antigenic properties between β cells and environmental
agents. Thus immune responses are directed against
autoantigens which resemble the actual viruses’ antigens and
results in their cellular destruction [37]. P2-C protein of
Coxsackie B4 virus, for example, is significantly similar in
their amino acid sequence to glutamic acid decarboxylase
(GAD65) enzyme which is found in β cells of endocrine pan-
creas [37].

Among the environmental associations, the importance of
diet is still a matter of debate. For example, a study document-
ed that at early age administration of dairy products consump-
tion and that of high milk during early childhood increase the
levels of antibodies in cow's milk and that high IgA antibodies
in cow's milk formula increase the risk of T1DM independent-
ly [50]. It was documented that a peculiar part of the albumin
from cow’s milk, called the ABBOS, which contain 17 pep-
tides, can function as a self-reactive epitope because of its
resemblance to another p69 protein found in at surface of
pancreatic β cells [51]. Moreover, the ingestion of plants
based nutrient elements provided the notion of a link between
T1DM and earlier exposures of cereals into the diet [52] and
gluten [53]. Inadequate intake of omega-3 fatty acids has also
been studied in association with T1DM [54]. Nitrate adminis-
tration from water intake [55] and toxic doses of nitrosamine
compounds may also result in diabetes via generation of some
free radicals but it is unclear if dietary nitrate, nitrite, or nitro-
samine exposure on human T1D could act in the same manner
[56]. Many perinatal risk factors which are seen in childhood
diabetes are also linked with T1DM [57] like maternal – child
blood group incompatibility, pre-eclampsia, neonatal infec-
tions and respiratory distress, maternal age, gestational age,
birth weight and order [58–61].

Recent data indicate that altered gut microbiomes have also
implications in the pathogenesis of T1DM as evident by the

differences in the gut microbiome profile of T1DM versus
healthy controls [33]. Previous studies have reported that as
healthy infants approach the toddler stage their microbiomes
are seen to be healthier and even more stable. However, in
children who are destined for autoimmunity usually develop a
microbiome with less diversity and stability. Therefore, auto-
immune microbiome identified with T1D may be specifically
different from that existing in healthy children [62]. It has
been known that dietary exposure is the regulator of the im-
munity and self-tolerance by changing gut microbiome [63].
Even the lack of contact between vaginal microbiome and
interferon-induced helicase gene polymorphisms in the
Caesarian section indicate the possible protective role during
normal labor and vaginal delivery because such children show
subsequent gut microbiota differences themselves [64].

Immunologic factors

Immunological factors could also contribute to the pathogen-
esis of diabetics mellitus. Disorders associated with routine
immune mechanisms may result in autoimmunity that could
lead to T1DM. Organ-specific autoimmune disease could
cause an autoimmune response against host pancreaticβ cells.
T1DM is similarly complicated often times with other auto-
immune diseases and presence of anti-islet autoantibodies pre-
cede the clinical onset of disease. The occurrence of anti-islet
autoantibodies (islet cell antibodies, ICA) in patients diag-
nosed with autoimmune polyendocrine syndrome was first
analyzed in 1974 [65]. Later, researchers reported target
autoantigens against ICA, insulinoma-associated antigen-2
(IA-2), glutamic acid decarboxylase (GAD) andmore recently
against zinc transporter 8 (ZnT8) [66–68]. Individuals
exhibiting positivity for single autoantibody most often revert
to negative, however, reversion is not common in people with
multiple autoantibodies [69]. The risk of development of
T1DM in children with HLA risk genotypes or with their
relatives who have been diagnosed with T1DM, is said to
occur in two or more islet autoantibodies at 75% within 10
years [70], where the risk increases with the increasing num-
bers of autoantibodies [70, 71]. The concurrent expression of
two or up to three autoantibodies acts as the markers of pro-
gression into clinical T1DM [72]. Recently, a study into
TEDDY (the environmental determinants of diabetes in the
young) funded by the National Institutes of Health, look into
individuals who had already established two or more autoan-
tibodies. Krischer et al. suggested that the risk of progression
frommultiple autoantibodies disorders to T1DMwas not seen
different among those with or even without a family history of
the disease. They also indicated that this was higher in female
gender, when a few high-risk HLA-DR and HLA-DQ sub-
types are present while their study indicated an inverse rela-
tionship to the age of first appearance of positive autoanti-
bodies in the family [73]. The presence of islet autoantibodies
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illicit immune response on B- and T-cell to the antigens pres-
ent on β-cell leading to their loss and function. This eventu-
ally leads to initiation of glucose intolerance, a stage prior to
onset of diabetes clinical symptoms. β cell destruction in
T1DM occurs most probably via programmed cell death (ap-
optosis). Autoreactive T lymphocytes induce inflammatory
reactions with the expression of high levels of proinflamma-
tory cytokines IL-1, INF-γ (interferon-γ) and TNF-α (tumor
necrosis factor-α) within the islet that activates the caspase
cascade. Moreover, other researchers suggested that apoptosis
is induced directly from the contact of autoreactive T lympho-
cytes with β cells through the Fas/Fas ligand interaction or
perforating system [74, 75]. Chronic inflammation within the
islets occurs involving T and B lymphocytes, macrophages
and dendritic cells prior to the onset of T1DM that evolves
over many months or years with asymptomatic and
euglycemic patients. Clinical manifestation of the disease or
symptomatic high glucose level (hyperglycemia) occurs after
an extended latency period, which is reflected by the destruc-
tion of a large number of functioning β cells [76]. It has been
reported that mutations in the autoimmune regulator (AIRE)
gene resulting from recessive Mendelian disorder autoim-
mune polyendocrinopathy syndrome type 1 (APS-1) and
APS-1 patients develop multiorgan autoimmune diseases are
included in T1DM. The expression of the AIRE protein is key
to control the central tolerance induction in the thymus leading
to the regulation of the expression levels of tissue-specific
peripheral antigens, including insulin [77]. Viral infections
can affect thymic epithelial cells and thymocytes. This can
be seen with coxsackievirus B4 virus and some other entero-
viruses resulting in abnormalities of the differentiation pro-
cesses of T cells and their maturation [78].

Recently it has been documented that reduction in the
functional capacity of different regulatory T cells
(Tregs) populations contributes in T1DM development
possibly by the fact that IL-2 signaling plays in main-
taining FOXP3 expression, thus maintaining Treg fit-
ness. It has been reported that Treg-intrinsic defects ob-
served in T1DM may be due to relative reduction in IL-
2 signaling [79].

Type 2 diabetes

Type 2 diabetes (T2DM) also known as Non-insulin depen-
dent diabetes mellitus (NIDDM) is a multifactorial disorder
resulting by a combination of multiple genetic factors linked
to abnormal insulin secretion, insulin resistance and number
of environmental factors including physical inactivity, stress,
obesity and aging [80]. Type 2 diabetes is not classified as an
autoimmune disorder and the genes implicated in predispos-
ing individual to NIDDM have not been identified because of
the heterogeneity of the genes responsible for the susceptibil-
ity to disease. Like T1DM, there are various factors

contributing to the pathogenesis of NIDDM, which include
environmental factors, epigenetics, and genetic factors.

Genetic factors

The pathogenesis associated with type 2 diabetes mellitus
(T2D) is characterized firstly by impaired insulin secretion
and secondly by insulin resistance. It has been reported that
the lifetime risk of onset of type 2 diabetes is approximately
40% if a parent out of two has type 2 diabetes and More so,
higher if the mother, in particular, is affected by the disease
[81]. The genetic factors associated with T2DM is greater
when compared with T1DM [82]. A population-based
Cohort study of twins in Finland to access the concordance
of diabetes mellitus has shown that probandwise and pairwise
concordance rates for T2DM were found to be 34% and 20%
among monozygotic twins and 16% and 9% among dizygotic
twins respectively. They documented that the heritability for
T1DM was greater than that for T2DM indicating that both
environmental and genetic factors seemed to play a critical
role [83]. Further studies on the effects of environmental and
genetic factors indicated that genetic factors play roles that are
more important in the pathogenesis of diabetic than environ-
mental factors [84, 85].

Even with the extensive research and research outputs, the
genetic framework of T2D risk has not yet been well explored
[86]. Small percentage of non-autoimmune diabetes
representing 5% or less are due to monogenic causes, which
is referred to as monogenic diabetes of the young (MODY).
Such type of cases is reported to be resulted by the most
common mutations in glucokinase (GCK) gene and hepato-
cyte nuclear factor-1A (HNF1A) [87]. Unlike T1DM, the ge-
netic component of T2DM involves interaction of multiple
genes. Linkage studies have reported calpain 10 (CAPN10)
and transcription factor 7-like 2 (TCF7L2) are associated with
T2DM. CAPN10 is a cysteine protease from the calpain fam-
ily and its functions include the multiple roles it plays in in-
tracellular remodeling and other intracellular functions. It was
the first T2DMgene to be discovered through linkage analysis
[88].

Surprisingly in candidate gene studies, most of the genes
identified to be associated with insulin secretion and action
did not pose associated risk with T2DM. Insulin receptor sub-
strate 1 (IRS1) and insulin receptor substrate 2 (IRS-2) are
among the few genes that were found to be linked with
T2DM [89]. Others are HNF1 homeobox A and B (HNF1A
and 1B) and HNF4A [90], peroxisome proliferator-activated
receptor gamma (PPARG) [91], potassium inwardly-rectifying
channel, subfamily J, member 11 (KCNJ11) [92] andWolfram
syndrome 1 (wolframin) (WFS1) [93].

Genome-wide association studies (GWAS) has strongly
confirmed the link between T2DM and a number of single-
nucleotide polymorphisms (SNPs) occurring in different
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ethnicity where this gene remains the most replicated and
documented to be the most strongly associated T2D risk
gene[94]. It has been found in GWAS that genes associated
with the increased risk of obesity also contributes to the de-
velopment of T2DM like FTO and MC4R [86]. TCF7L2, a
most consistently replicate T2D susceptibility gene was dis-
covered as in a Mexican-American population [95]. The gene
encodes a transcription factor, which is active in the β cells. It
was reported that (Lyssenko) TCF7L2 associated T2DM risks
are conferred by various mechanisms, including decreased β-
cell insulin response and decreased insulin sensitivity in target
tissues such as adipose tissue, increased the level of TCF7L2
protein in β-cells.

Besides, hematopoietically expressed homeobox (HHEX),
insulin-like growth factor 2 mRNA binding protein 2
(IGF2BP2), cyclin-dependent kinase inhibitor 2A
(CDKN2A)/cyclin-dependent kinase inhibitor 2B
(CDKN2B), solute carrier family 30 (zinc transporter) and
member 8 (SLC30A8) are some other genes linked with the
pathogenesis of T2DM.

However, some other genes associated with T2DM risk
include CDK5 regulatory subunit associated protein 1-like 1
(CDKAL1), high mobility group AT-hook 2 (HMGA2), Notch
2-ADAMmetallopeptidase domain 30 (NOTCH2-ADAM30),
potassium voltage-gated channel and KQT like subfamily,
member 1 (KCNQ11) but their specific role in the pathogene-
sis of T2DM is still unknown.

Epigenetics

Epigenetic mechanisms have been shown to predispose indi-
viduals to the diabetes mellitus [96]. On the contrary in
T2DM, prolonged dyslipidemia, hyperglycemia and increased
oxidative stress that results in altered homeostasis could lead
to epigenetic changes [97]. DNAmethylation in the transcrip-
tional coactivator PPARGC1A promoter (involved in glucose-
stimulated insulin secretion) is elevated in islets of T2DM
patients leading to decreased PPARGC1A expression [98] thus
suggesting that epigenetic mechanisms could be involved in
the regulation of insulin secretion by human islets. Aging has
also been linked to be associated with an increased risk of
T2DM [97]. The epigenetic pattern could change during the
lifespan affecting key respiratory chain genes such as part of
complex four of the respiratory chain (COX7A1). COX7A1,
an age-related DNA methylation target expression is de-
creased express in diabetic skeletal muscle [99]. COX7A1 in
human skeletal muscle is associated with elevated in vivo glu-
cose uptake and Vo2max. The data obtained from these studies
demonstrate influence of age on gene expression, DNA meth-
ylation and their subsequently in vivo metabolism. Pancreatic
islet β-cell proliferation may declines after birth, but prolifer-
ation ofβ-cell might play an important role in islets adaptation
to increased insulin loads imposed by insulin resistance. It has

been reported that an elevated expression of Ink4a/Arf
(Cdkn2a locus) has been linked with reduced regeneration of
β-cell [100]. The increased Ink4a/Arf expression in aged mice
further concurred with reduced levels of histone H3 lysine 27
trimethylation at Ink4a/Arf and the histone methyltransferase
(Ezh2), with correspondence decrease in Bmi-1 binding and
expression of loss of H2A ubiquitylation at Ink4a/Arf [101,
102]. The common variant occurring at the CDKN2A locus is
linked with increased risk for T2DM [103].

Recently It has been documented that the detected en-
hanced expression of methyl-CpG binding domain2
(MBD2) proteins in T2DM patients at different stages of
T2DM development indicated that a general dysregulation
occurs in DNA methylation. Out of many of the studied stress
and cell cycle regulation genes, consistently five of the genes
have been shown to be increasingly methylated with increase
in T2DM duration as seen in Prdx2, BRCA1, SCARA3, Tp53,
and CCND1. The elevated methylation of genes Prdx2 and
SCARA3 indicated their role in oxidative stress protection de-
clines due to elevated methylation and might lead to T2DM
complications. Genes Tp53, CCND1, and BRCA1 are related
to tumorigenesis thus linked T2D with cancer development as
well [96].

Environmental factors

The environmental factors of the pathogenesis of T2DM in-
clude aging, alcohol drinking, insufficient energy consump-
tion, obesity and smoking which are in independent risk fac-
tors of the disease. Out of these factors, obesity is the major
risk factor for T2DM [104, 105] with complex genetic and
environmental etiology. The deposition of ectopic fat in the
muscle and liver leads to Insulin resistance. The fats may also
accumulate in the pancreas and significantly contribute to islet
inflammation, decline in β-cell function and eventually β-cell
death [106]. It has been reported that weight loss improves
insulin sensitivity [107] and may prevent the accumulation of
pancreatic fat [108]. Furthermore, the only three replicated
loci namely MTNR1B, PREX1, and FTO have been found
common in both obesity and T2DM. The Pro12Ala polymor-
phism in PPARG (playing a role in adipogenesis) may modu-
late the risk of T2DM. Reports have shown that the expression
of PPARG in adipose tissue of obese subjects is increased
[109].

Epidemiological studies indicate that long-term exposure
to pollutants (herbicides and pesticides) disturbs glucose me-
tabolism and induces insulin resistance. It has been reported
that there is a dose-dependent relationship between the serum
concentration of organic pesticides and prevalence of diabetes
[110]. Interestingly, obesity could serve as a storage house for
such toxic organic pollutants due to their lipophilic profile,
which induce insulin resistance and eventually T2DM in a
dose- and time-dependent order [111, 112]. Exposure to air
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pollutants also is associated with higher incidence rates of
T2DM [113], predominantly in women (higher risk) possibly
by inflammation in adipose tissue and insulin resistance [114].
The highest exposure correlates with a >20% increase in
T2DM prevalence after modifying for other risk co-factors
which includes education, ethnicity, health insurance, income,
indoor pollutant exposures, obesity, population density and
smoking [115]. Other chemical contaminants in water or food
and occupational exposures to an array of toxins have been
reported to be linked with risk of T2DM and mortality. Due to
limited number of studies, and small samples these data are
still inconclusive [116]. Oxidative stress also contributes to
the development of insulin resistance, as the inverse associa-
tion which exists between plasma vitamin C, serum caroten-
oids and plasma tocopherol concentrations (as markers of veg-
etable, fruit intake or dietary supplements) with T2DM and
impaired metabolism of glucose has been detected [117, 118].
Therefore, antioxidants might confer protection against
T2DM [119].

Gestational diabetes

Gestational diabetes mellitus (GDM) is hyperglycemic meta-
bolic disorder that is onset or first recognized during pregnan-
cy, where there is no evidence of pre-existence of T1DM or
T2DM [120]. The risk factors associated with GDM are re-
ported to be similar to those of T2DM, which include dyslip-
idemia, ethnicity, and family history of diabetes, hypertension,
increasing age, obesity, and polycystic ovary syndrome.

GDM normally disappears after delivery but women with
previous diagnosis of GDM are at a higher risk of develop-
ment of gestational diabetes in their subsequent pregnancies
and T2DM later in life [121]. Insight into the exact mecha-
nisms of GDM development is still being sought. One of the
possible basis for development of GDM is obesity as reflected
by the percentages (10%) of pregnancies. It has been docu-
mented that women having GDM generally have higher BMI
(body mass indices) and obesity leading to chronic low-grade
inflammation that induces the biosynthesis of xanthurenic ac-
id, associated with the development of pre-diabetes, T2DM
and GDM [120].

The insulin requirements during normal late pregnancy are
usually higher. However, GDM women regularly express re-
duced insulin response to nutrients [122]. Furthermore, the
majority of women diagnosed with GDM show β-cell dys-
function due to chronic insulin resistance already present be-
fore pregnancy [123]. Moreover, insulin signaling alterations,
decreased expression of PPARγ and decreased insulin-
mediated glucose transport has also been reported in women
with GDM [124]. Diabetes and obesity lead to post-receptor
abnormalities in insulin signaling in placenta of women [125].
Since the fetus pose an antigenic load, it was proposed that its
event triggers the development of GDM. Human leukocyte

antigen-G (HLA-G) expression which functions to safeguard
the fetus from possible immune attack which is achieved by
down-regulating the responses of cytotoxic T cell to fetal tro-
phoblast antigens, is postulated to also protect pancreatic islet
cells. The interaction between nuclear factor-κB (NF-κB) and
the HLA-G is suggested to play a key role in GDM develop-
ment. [126]. Moreover, as in T1DM, defects associated with
β-cell function could also result from autoimmune destruction
of the pancreatic β- cells responsible for production of insulin
in GDMwomen and such occurrence in subjects could lead to
rapid development in overt diabetes soon after pregnancy
[127]. Additionally, mutations in genes which leads to several
subtypes ofMODY have been observed in womenwith GDM
(account for less than 10% of all GDM cases) that include
mutations in encoded genes for glucokinase, hepatocyte nu-
clear factor 1α and insulin promoter factor 1 [124].

Glycoproteins: structure, composition,
and biological effects

Glycoprotein structure

Glycoproteins are organic compounds formed from proteins
and carbohydrate interaction existing as specific compounds.
The carbohydrates are extensively more compounded than
proteins and nucleic acids, which are macromolecules bearing
main biological information. Glycome is the spectrum of all
glycan structure and it is immense. This indicates that the
number of proteins coded by genome is less than the number
of glycan structure in order of magnitude [128]. Figure 1
shows a simple illustration of the structure of glycan linked
to a polypeptide.

However, carbohydrates are ever present in nature and
there are few doubts that the detailed carbohydrate fashions
seen on the top of cells and proteins are crucial in
apprehending and appreciating several multiplex biological
processes. For instance, glycoproteins played essential roles
in processes like neuronal development, inflammatory re-
sponses, fertilization, immune surveillance and hormone ac-
tivities [129–133]. Also, pathogens use the carbohydrates of
the host cell as means of entry and immunological evasion.

Normally, the proteins are covalently attached to the carbo-
hydrates [134] and majority of the proteins that exist in nature
are in the form of glycoproteins. Glycoproteins are found in
many parts of the living systems such as the cell membranes.
However, these compounds produced by cells and found on
cell boundaries are used as markers to determine the biochem-
ical compounds.

Usually, proteins are mainly synthesized in a cell organelle
called the endoplasmic reticulum (ER) whilst the glycan ad-
dition occurs inside an intracellular membrane cascade made
up of secreting vesicles, Golgi apparatus, endoplasmic
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reticulum, and transfer vesicles. The produced proteins are
normally isolated from the cytosol via protein translational
process, after which they are moved to outside of the cell
[135]. Ribonucleases, chorionic gonadotropin, and plasma
proteins are examples of biologically active glycoproteins.
The performance of many biological identification systems
is as the result of the vital sequence of the glycans found in
glycoproteins [136]. Also, the glycans are responsible for me-
tabolites throughout the pores of nucleus [137, 138].

Glycoproteins composition and linkages

The carbohydrates found in glycoproteins are in the form of
massive heteropolysaccharides or non-complex disaccharides
made up of about 15 - 20 simple sugars [139, 140]. Sialic acid,
D-glucose, xylose, glucuronic acid, N-acetyl-D-
galactosamine (GalNAc), D-mannose, N-acetylneuraminic
acid, L-fucose, N-acetyl-D-glucosamine (GlcNAc) and D-
galactose are the types of carbohydrate units found in glyco-
proteins (Figure 1).

Eukaryotes have several proteins that are glycoproteins,
which are constituted with chains of oligosaccharide that are
covalently bonded to specific amino acids. However, this is
different from glycation [141], which is defined as a non-
enzymatic reaction between glucose units with amino acids
to form a hybridized compound and normally occurs in an
uncontrolled or untreated hyperglycemia. On the other hand,
glycosylation takes place in biological systems with the inclu-
sion of enzymes. Also, it is seen in cell-cell interaction, protein
folding, trafficking, and localization of protein, antigenicity,
protein solubility, and biological activity [129, 142, 143]. In

addition, protein glycosylation also takes place in prokaryotic
cells.

Different glycoproteins have different amounts and per-
centages of glycan units. These bonds are of two types based
on the sugar added to a specific functional group of an amino
acid [144, 145]. Glycosylation of protein can be categorized
into four major classes based mainly on the interaction be-
tween the sugar moiety and amino acid. These include N-
l i nked g lycosy l a t i on , O- l i nked g lycosy l a t i on ,
glycophosphatidylinositol anchor attachments (GPI) and C-
mannosylation [146].

N- and O-linked glycosylation

The glycan in glycoprotein can be bonded to an amide nitro-
gen atom of asparagine to form an N-linked glycosidic bond
or found attached to the oxygen atom on threonine or serine to
form an O-l inked glycos id ic l inkage . Thus , N-
Acetylgalactosamine (GalNAc) linked to Ser/Thr units are
found in glycoproteins where the carbohydrates are bound to
protein by O-linkage while N-linked carbohydrates are linked
to glycoproteins by N-Acetylglucosamine (GlcNAc) bond to
asparagine unit [137, 138, 147]. Hence, the O-glycosylation is
characterized by a sugar moiety bonded to the hydroxyl group
of Ser or Thr unit while N-glycosylation has an amide group
of asparagine (Asn) amino acids linked to the sugar moiety
[146].

The O-linked glycosylation may occur at two sites in a cell.
This includes the glycosylation process occurring in the Golgi
bodies. In this organelle, hydroxyl amino acids normally Ser/
Thr are initially linked to different reducing terminal linkages
(monosaccharide residues) like glucosamine, phosphodiester

Fig. 1 The structure of simple
sugar residues that exist in
glycoproteins
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linked GlcNAc, GalNAc, mannose, glucose, xylose, fucose or
galactose (Figure 1). This usually causes the formation of
branched oligosaccharides structures, which have an impact
on the adhesive features on the membrane and secreted
glycoprotein.

Previously, it has been indicated that the process of O-
glycosylation takes place in the cytosol and nucleus of cells
[148, 149]. Thus, the hydroxyl group of Ser/Thr unit is linked
to monosaccharide, like GlcNAc. O-glycosylation of mem-
brane and secreted bound proteins occurs in the Golgi com-
partment of the cis-form after N-glycosylation and protein
folding [150, 151]. However, O-glycans are accumulated in
a clockwise pattern with carbohydrates added one after anoth-
er to form a growing branch. The cytoplasmic glycosylation
where one simple sugar is attached is an exception (Figure 2).
O-glycosylation has no defined acceptor motif. But the main
regular feature of many O-glycosylation sites is that they are
seen on the Ser and Thr units near proline (Pro) moieties, with
the acceptor site normally in a β-configuration [146].

Mucin type glycosylation (O-GalNAc)

In mammals, the common type of O-glycosylation is the
Mucin type glycosylation, where GalNAc is linked to Ser/
Thr units of cell membrane surface and secreted proteins with
further addition of GlcNAc, Gal or GalNAc residues. This
process is catalysed by N-acetylgalactosaminyl transferases
(GalNAc-transferases) from a family of uridine diphosphate-
N-acetylgalactosamine (UDP-GalNAc). In several cells and
organs, these enzymes are distinctively expressed and have
alternating specificities for substrates [143, 152].

O-α-GlcNAc glycosylation

This type of O-glycosylation is found in simple eukaryotes
and the O-GlcNAc units are normally arranged in two differ-
ent configurations to the backbone of the peptide. The two
conformations are alpha anomeric conformation and β
anomeric conformation. The alpha configuration is represent-
ed as O-α-GlcNAc units, which are found mostly on secreted
and membrane proteins while theβ configuration is represent-
ed as O-β-GlcNAc residues, which are seen on nuclear or
cytoplasmic proteins. The process of attachment of O-β-
GlcNAc is known as O-GlcNAcylation. Dictyostelium
discoideum is a predictor developed for O-α-GlcNAc sites
[146].

O-β-GlcNAc glycosylation

O-β-GlcNAc glycosylation is the type of O-linkages found on
nuclear or cytoplasmic proteins. It was later observed that O-
glycosylation is not mainly confined to proteins, which goes
into an endoplasmic reticulum cotranslational modification.

However, this glycosylation also takes place on cytoplasmic
or nuclear proteins. Furthermore, multiple site modification
alongside a single N-acetylglucosamine unit (O-β-GlcNAc)
is exhibited by cytoplasmic and nuclear glycoproteins [153].
In this form of O-glycosylation, the linkage in nuclear/
cytoplasmic proteins is through a β anomeric linkage to give
O-β-GlcNAc sites. Nuclear pore complex has a high level of
O-GlcNAcylated proteins. The O-GlcNAcylation is seen as a
fluidic process, which leads to rates higher than the protein
backbones [154, 155]. Ser/Thr are the acceptor sites for O-
GlcNAcylation and are located closely to proline normally in
a β configuration.

Glycosylphosphatidylinositol (GPI) anchor

Proteins are covalently attached to glycolipids called
glycosylphosphatidylinositol (GPI) as a posttranslational
modification [156]. This leads to anchoring of the pro-
tein to the outside surface of membrane. Hence,
Proteins that are garnished with GPIs have special fea-
tures in terms of their physical appearance [156] and
giving rise to GPI anchor with O-linked GlcNAc pro-
teins. Studies indicated that the backbone structure of
GPI anchor is preserved among eukaryotic organisms
including yeast, plant, and mammals. The conserved
backbone structure is ethanolamine phosphate-6Manα1-
1Manα1-6Manα1-4GlcNα1-6myoinositol-phosphate
(Maeda and Kinoshita, 2011). The biosynthesis of GPI
and the attached protein as a posttranslational modifica-
tion to form GPI anchor takes place in the ER [157].

Furthermore, the N-linked carbohydrates are subdivided
into three major forms, including complex, high mannose
and hybrid [134, 158, 159]. The three categories of N-linked
glycan are derived from a template oligosaccharide constitut-
ing GlcNAc2Man9Glc3. The amide group of an Asn unit is
co-translationally bonded to Dol-P-GlcNAc2Man9Glc3 pre-
cursor. This co-translational addition of oligosaccharide takes
place in the ER and this is seen to have an impact on protein
folding and the requirement for the N-glycosylation is the
sequence motif of Asn-Xaa-Ser/Thr (where Xaa represents
any amino acid except proline) [160]. While another rare se-
quence motif of Asn-Xaa-Cys has been indicated to behave as
an acceptor site [161]. Some researchers reported that the Asn-
Xaa-Ser acceptor motif is not well used compared to motif
Asn-Xaa-Thr [162]. Moreover, oligosaccharyltransferase is
the enzyme required for the addition of N-linked precursor
to amino acids, it is situated in the ER, and this action is
conserved process of evolution in eukaryotic organisms. A
ring structure can be formed by an Asn-Xaa-Ser/Thr by which
the basic unit of the oligosaccharyltransferases can act upon
[163]. Two α-linked core mannose units are found in the hy-
brid glycans, the high mannose has only GlcNAc core and
mannose residue while the complex glycoproteins have
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altered digit branches. GlcNAc unit is found at least in each
branch [163].

Complex N-linked glycan

Complex N-linked glycans of plants occur from the Golgi
bodies of high mannose N-linked glycan via the action of
specific glycosyltransferases and glycosidases. They are char-
acterized by the existence of β(1,2)-xylose and/or α(1,3)-fu-
cose units bond to β-mannose units and proximal GlcNAc.
This occurs in the presence of α-mannose residue linked to
β(1,2) GlcNAc units. The formation of this N-glycoform dif-
fers from eukaryotes to eukaryotes during the developmental
stages. The sequence motif described above is a requirement
for glycosylation but it is not enough for this enzymatic pro-
cess [146]. Currently, additional β(1,3)-galactose and α(1,4)-
fucose units are bonds to the GlcNAc residue.

High mannose N-linked glycan

High mannose N-linked glycans were initially found in soy-
bean plants with agglutinin. The N-linked was bound to dif-
ferent vascular and extracellular glycoproteins. In addition,
these types of glycan exist as the specific N-linked oligosac-
charides of spinach [164, 165]. An example of high mannose
N-linked glycan contains repeated structure unit of mannose
linked by N-linked glycan (Man5-GlcNAc2 toMan9GlcNAc2)
structure [166].

Hybrid N-linked glycan

C-mannosylation involves the linkage of an alpha
mannopyranosyl unit to a tryptophan moiety at indole C2
position through a C-C linkage [167]. They are normally seen
on the initial tryptophan in motif of sequence W-X-X-W.
Also, in other cases such as W-X-X-C and W-X-X-F [168,
169]. The formation of hybrid N-linked glycan varies during
development inside eukaryotic cells [146]. The structure of
hybrid N-linked glycan may contain GlcNAcMan5
(Xyl)(Fuc)GlcNAc2 [166].

Paucimannosidic N-linked glycan

Paucimannosidic N-linked glycan is formal to be modified
insect N-linked glycans with non-terminal GlcNAc units bond
to α-mannose units of the core [170]. Based on Lerouge et al.
[166] report, the name Paucimannosidic N-linked glycan was
proposed to represent modified plant oligosaccharides consti-
tuted with alpha (1,3)-fucose or/andβ (1,2)-xylose unit link to
the proximal GlcNAc and β-mannose units to the restricted
Man2GlcNAc2 core or of the core Man3GlcNAc2. This N-
linked glycan resulted from the removal of terminal units from

a complex N-linked glycan and can be seen as typical vacuole-
type N-linked glycans [171].

Glycoproteins can further be classified based on their func-
tions into different groups, including collagen (structural pro-
teins), transferring and ceruloplasmin (transport proteins),
patatin (enzyme), calnexin and calreticulin (influence folding
of some molecules), mucins (protective and lubricant mole-
cule), lectins and selectins (interactive molecules) [172, 173].

Protein glycosylation is the covalent attachment of mono-
saccharides or oligosaccharide residues to proteins. It is one of
the mainly occurring post-translational modifications (PTMs).
Current discoveries have shown that the process of protein
glycosylation does not only occur in eukaryotic cells but also
take place in some prokaryotic cells, including archaea, fungi
and bacteria [166, 174]. Protein glycosylation can be more a
complex phenomenon that is functionally and structurally di-
verse compared to most other PTMs like phosphorylation,
which normally has to do with simple, transfer of simple,
functional groups to one or many amino acid units [5].

About forty different types of carbohydrate-amino have
been shown to have at least eight different amino acid units
and thirteen different proximal simple sugars [175, 176]. On
the other hand, microorganism shows verse trace simple sugar
residues in secondary metabolites, amazingly, not more than a
dozen of monosaccharides is seen in typical glycoproteins in
eukaryotes. But, building blocks of limited quantity can still
produce unprecedentedly large structures as a result of bid
possibilities of bond types, additional noncarbohydrate deco-
rations of sugar lengths or/and anomeric stereochemistry
[177].

Glycans are linked to the protein via three vital types of
bonds in glycoproteins found in eukaryotic systems. As stated
earlier, one of the linkages is the N-linked glycosylation where
the oligosaccharide is linked to an amide side chain of aspar-
agine unit in a concurrence (Asn-Xaa-Ser/Thr) sequence. The
Xaa could be any of the naturally occurring amino acids ex-
cept proline via the linkage of pGlcNAβ1-Asn. The O-linked
glycosylation has its sugar linked to the hydroxyl (OH) group
of serine or threonine unit in the protein backbone. Themucin-
type O-glycoproteins represents the O-glycosylation, where
the O-glycans are linked to the proteins via a preserved link-
age of GlcAβ1,3-Galβ1,3-Galβ1,4-Xylβ1-Ser bond. Thus,
the O-glycans are bonded to protein through proteoglycans
where large glycosaminoglycans are linked to the protein
through the preserved GlcAβ1,3-Galβ1,3-Galβ1,4-Xylβ1-
Ser bond.

�Fig. 2 Structures showing glycan-amino acid bonds existing in glycopro-
teins (a) complex N-linked glycan, (b) core 2 O-glycan, (c) Glc-N-
Acylation, (d) proteoglycan bond, (e) bond structure of GPI proteins. In
several situations, the simple sugar residues in the structure above can
accommodate more carbohydrate or different non-carbohydrate alter-
ations. Wavy line represents amino acid sequence. Adapted from [177].
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However, several proteins are attached to the membrane via
certain GPI-anchor, which finds the proteins at the cell tops for
actions. Apart from the attachment of groups like O-glycans,
N-glycans or GPI anchors, simple sugars used for glycosyla-
tion have been shown to play vital role as seen by O-GlcNAc
glycosylation of several cytoplasmic and nuclear proteins con-
trolling the transduction of signals [178, 179].

Glycoproteins biosynthesis

The biosynthesis of common O- and N-glycoproteins normal-
ly involves several steps consisting of large amounts of en-
zymes like the glycosidases, glycosyltransferases and other
sugar modifying enzymes except in the attachment of simple
sugar units like O-GlcNAc glycosylation that has to do with
the transfer of simple sugars to the protein by the action of
GlcNAc transferase involving uridine diphosphate-N-
acetylglucosamine (UDP-GlcNAc) as the substrate. For in-
stance, N-glycoproteins biosynthesis in eukaryotes is carried
out in several steps in the Golgi apparatus and ER compart-
ment of cells. In the ER with several glycosyltransferases, a
big oligosaccharide template (Glc3Man9GlcNAc2) is aligned
on a lipid carrier called dolichol [177]. A multi-subunit
oligosaccharyltransferase mediates the transfer of dolichol-
linked oligosaccharide to amide group of Asn side on the
ribosome and in a concerted sequence Asn-Xaa-Ser/Thr of a
growing polypeptide. Subsequently, the template is processed
t o s p e c i f i c g l y c o f o r m o f m o n o g l u c o s y l a t e
(Glc1Man9GlcNAc2) which is used in the protein folding
linked associated with calnexin/calreticulin chaperone, which
is responsible for the control of quality protein. Once the pre-
cursor (Glc3Man9GlcNAc2) is properly folded, it is further
trimmed to Man8GlcNAc2-protein in the ER within its lumen
and then transported to the Golgi bodies to produce several
glycoforms including complex, highmannose and hybrid type
glycotypes. In species-, proteins-, and/or cell type-site specific
manner, several glycosyltransferases, and glycosidase cataly-
ses the N-glycans processing. Diverse and different glycopro-
tein glycotypes are synthesized as a result of sensitivity of the
physiological state of cells and differential expression of the
enzymes involved [177].

However, apart from the N-glycosylation process that
start with the arrangement of big oligosaccharide tem-
plate structure, O-glycan biosynthesis take place in a
clockwise pattern beginning with the binding of the
GalNAc as the first sugar to the hydroxyl group (OH)
of Ser/Thr unit via an α-glycosidic bond catalysed by
polypeptide GalNAc transferase (ppGalNAcT). This pro-
cess occurs in the Golgi apparatus (Li and Wang, 2018).
Sequential addition of simple sugars further elongates
the sugar chain catalyzed by respective glycosyltransfer-
ase to give different O-glycan core structures. However,
various ppGalNAcT indicate some selectivity to

polypeptide sequence for the binding of the GalNAc
residue. O-glycosylation has no concurrence sequence.
All the enzymes partaking in the biosynthesis of O-
and N-glycans can be explored for purposes of synthesis
[177].

Importance of glycoproteins

Glycosylation of protein has been like with the functions of
glycoproteins, among which are their ability to block viral
induction, neutralize their infectivity, or cell-to-cell fusion.
Glycoproteins are of cell proliferation, growth, maturation
and signaling pathways. They are similarly involved in drug
binding, drug transportation, efflux of chemicals and stability
of therapeutic proteins. These are further discussed below
using examples.

Glycoproteins assist in forming a strong tissue by
linking cells together in the body. For example, hor-
mones are glycoproteins, which play a critical role in
erythrocyte replication among other hormonal functions.
Glycoproteins are also seen in connective tissues and in
the bones. Vital molecules like vitamins are normally
transported in the body with the help of several glyco-
proteins. Similarly, they help in regulating molecules
that are responsible for breaking down proteins in the
body. Alteration of receptors found in human tongue in
order to facilitate the identification of stale food as well
as sweet food is determined by glycoprotein called
Miraculin. Antigens are acted on by glycoproteins in
the body called the antibodies. Glycoproteins also ag-
gregate ordinary platelets together and link them to the
endothelium. Furthermore, in mammals, they are vital
for the detection of white blood cells [163].

Cytokine and humoral factors

Cytokines and humoral factors are glycoproteins with varied
numbers of carbohydrate chains, which varies in their struc-
tures. The major biological functions are typically the proper-
ties of the protein components, while the carbohydrate com-
ponents are majorly responsible for their molecular stability,
solubility, in vivo activities, immunogenicity and their half-
life [180]. More so, the serum half-life of therapeutic proteins
are extended by the sialic components of their carbohydrates
[180].

Breastfeeding is important in infants. Breast-fed in-
fants show fewer or less severe respiratory and gastro-
intestinal infections during the first year of life com-
pared with formulated infants feed [181–183]. Human
milk is different as regards to content of their complex
oligosaccharides compared with milk from other species
[184]. These milk components, including the oligosac-
charides, as well as glycoproteins, have been believed to
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play a critical role during the development of specific
intestinal flora in breast-fed infants. They are effective
as inhibitors of bacterial adhering to epithelial cell sur-
face at the initial stage of infection [185], thus playing
a considerable role as soluble receptor analogues of the
epithelial cell-surface carbohydrate [185].

Coronavirus glycoprotein

Coronaviruses are positive strand RNA viruses, which are
associated with diseases in both animals as well as humans
[186]. The features, nucleic acid sequence, and genomes of
coronavirus have been long determined [187]. Murine coro-
navirus (murine hepatitis virus [MHV]), for example, contains
a genomic RNA with more than 30 kb [188], encoding four
major structural proteins which are nucleocapsid protein (50
to 60 kDa), hemagglutinin-esterase glycoprotein (65 kDa), a
membrane glycoprotein (23 to 26 kDa) and spike or surface
glycoprotein (180 kDa) [189]. TheMHV surface glycoprotein
forms projecting peplomers on the surface of the virus parti-
cle. The function of the spike during virus maturation includes
the recognition of basic sequence located approximately in the
middle of the viral polypeptide [190]. Some S protein-specific
monoclonal antibodies (MAbs) generated neutralize virus in-
fectivity, block virus-induced and cell-to-cell fusion [191].

Reelin glycoprotein

Reelin glycoproteins are secretory serine protease [192],
which function in the mammalian brain as a guide to neurons
and radial glial cells to their correct positions in the developing
embryonic brain[193]. Reelin glycoproteins are involved in
signaling pathway, which triggers neurotransmission, synaptic
plasticity, and memory formation. The disruption of signaling
pathway in reelin has been linked to the formation of neuro-
psychiatric disorders such as schizophrenia or autism follow-
ing selective hypermethylation andmutations of the Reln gene
promoter or by prenatal or postnatal insults leading to the
observed cognitive deficits [193].

P-glycoprotein

P-glycoproteins are 170-kDa transmembrane protein, which
are encoded by the gene called multidrug resistance pheno-
type (MDR1). P-glycoproteins are expressed in various tis-
sues, among which are the peripheral blood lymphocytes
[194]. They are efflux pumps to decrease the concentration
of intracellular accumulation of variety of immunosuppres-
sants and lipophilic drugs, including cyclosporine A,
anthracyclines, glucocorticoid, quinidine, tacrolimus, and vin-
ca alkaloids [195]. P-glycoprotein therefore functions in
protecting cells from their exposure to such lipophilic drugs
and aiding the developing resistance to them.

Treatment of systemic lupus erythematosus (SLE) involves
the use of some immunosuppressive drugs. Increase in P-
glycoprotein expressed in lymphocytes during SLE has been
linked to influence disease outcome or level of steroid re-
quired for the disease control [196]. Reports have also corre-
lated the expression of P-glycoprotein in peripheral lympho-
cytes with total prednisone dose in children suffering from
nephrotic syndrome [197].

Biological effects of glycoproteins

The many biological efficacies of human therapeutic glyco-
proteins are depended on the properties of protein or carbohy-
drate structures. For examples, the oligosaccharide content of
glycoproteins is responsible for many physical properties, bi-
ological activities, serum half-life, immunogenicity, thermo-
dynamic and stability of proteins.

Physical properties

The physical properties and stability of therapeutic proteins
are of importance to activities. Protein components of glyco-
proteins are responsible majorly for their biological activities,
while the carbohydrate components play key roles in the mo-
lecular stability [180]. Carbohydrate content of fibronectin,
interleukin 5 (IL-5) and interferon β (IFN-β) play key role
in their stability. Fibronectin is more sensitive to proteolysis
without their carbohydrate, while IL-5 carbohydrate stabilizes
its molecular conformation when exposure to heat. Similarly,
carbohydrates are responsible for the decreased sensitivity of
glycosylated IFN-β compared to unglycosylated IFN-β
[198–200]. The biological effects of carbohydrate in glyco-
proteins have also been demonstrated using glycoengineering.
For instance, mucins are heavily O-glycosylated, and express
an increase in their gel-like properties due to the presence of
high sialic acid content. Additional of more carbohydrates
through N-linkage to native sequence leptin through
glycoengineering [201], increase the solubility of the resultant
glycosylated leptin over several folds compared with the na-
tive leptin [180]. Another example has been demonstrated
with recombinant human erythropoietin (rHuEPO) on the role
of carbohydrate in maintaining their molecular stability and
protection from free radicals. Asialo-rHuEPO (without sialic
acid) and fully deglycosylated rHuEPO lost them in vitro bi-
ological activities when heat-treated, however, glycosylated
rHuEPO lose no activity upon same heat treatment [202].
Similarly, Unglycosylated rHuEPO are denatured easily by
treatment with heat, pH, and guanidine-HCl while glycosylat-
ed rHuEPO remains soluble and displays reversible folding,
unlike aggregates and precipitates formed from the previous
treatment in unglycosylated rHuEPO [203, 204]. More so, the
carbohydrate component of rHuEPO has been identified to
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protect peptide components from the adverse effects of free
oxygen radicals [205].

Biological activity

Erythropoietin (EPO) glycosylation analogs have demonstrat-
ed a direct and positive relationship between their in vivo
activities and number of carbohydrate chains [206]. Some of
the factors that further affect these activities include the num-
ber and position of the attached carbohydrate chains, with
number of carbohydrate playing a more significant role [180].

Contribution of carbohydrate to the biological activities of
g lycopro te ins has been demonst ra ted us ing the
glycoengineering of rHuEPO in a hyperglycosylated analogue
Darbepoetin alfa (DA) [201]. The carbohydrate/sialic acid
content of rHuEPO has direct proportions with its bioactivities
and serum half-life [207]. While DA and rHuEPO have sim-
ilar conformation and stability, the addition of more carbohy-
drate to DA did not blunt the biological response from various
intracellular signaling that were examined [201]. Similarly,
the role of glycosylation of glycoprotein to enhance their
in vivo activities is demonstrated by leptin. Leptins are
nonglycosylated protein responsible for the regulation of body
weight. Glycoengineered leptin analog which is rich in carbo-
hydrates (GE-LeptinL4-58) administered to obese mice,
caused more weight loss and maintained their reduced weight,
which was observed for a longer period of time comparedwith
unglycosylated recombinant human leptin [201]. In general,
carbohydrate may influence the specific activities of glycopro-
tein by affecting the glycoprotein tertiary structures, or affect
the ligand-receptors interactions through steric effects or per-
haps through a charge effect related to the presence of sialic
acids on the oligosaccharides of their ligands or receptors or
both [208, 209].

Circulatory half-life

Oligosaccharides play important roles in the in vivo glycopro-
tein clearance rate and critical to the properties determining
their efficacy in therapeutic proteins [208]. The rate at which
the therapeutic proteins are cleared from circulation deter-
mines their specificity be rated high activities when clearance
is low and low activities when clearance is high.

Follicle stimulating hormone (FSH) is a gonadotropin hor-
mone secreted by the gonads. FSH is clinically used in the
treatment of infertility and seizure of ovulation in women with
polycystic ovary syndrome [180]. The structure of FSH con-
sists of two subunits with N-linked glycosylation sites, and
isoforms that are rich in sialic acid content. The high sialic
acid content in a particular isoform has been found to in-
creased its in vivo bioactivity and reduce renal clearance
[210, 211]. Glycosylated interleukin 3 (IL-3) reportedly in-
creased by 30% – 40% ability to stimulate the activities of

the enzyme histidine carboxylase found in bone marrow after
a single injection when compared with the non-glycosylated
forms. The observed increase in activities due to the increase
in the serum half-life of the enzyme [212]. For EPO, the spe-
cific activities are increased upon desialylation, while rapid
in vivo clearance mere the in vivo activities [213, 214].
Glycoprotein oligosaccharides affect clearance rate by mech-
anism, which is, not attributed to high-affinity receptors [208].

Immunogenicity and antigenicity

Addition of carbohydrate to peptide molecule have decreased
their immunogenicity. Reduction in immunogenicity was ob-
served in both Plasmodium falciparum merozoite surface pro-
tein 1 and wasp venom peptide following the addition of car-
bohydrates [215]. Generally, carbohydrates may reduce im-
munogenicity of therapeutic proteins compared with non-
glycosylated therapeutic proteins [180].More so, oligosaccha-
ride can contribute directly or indirectly to glycoprotein anti-
genicity [216]. Oligosaccharide structure can serve as anti-
body recognition site [217]. The sequence Galα (1, 3) Galβ
(1, 4) GlcNAc epitope represent a specific terminal recognize
by immunoglobulin G (IgG) [218].

Assembly and orientation

Effects of carbohydrates on the assembly and orientation of
proteins have been demonstrated using human erythrocyte
CD59 cell-surface glycoprotein. The CD59 binds to CD9 or
CD8, presented on a wide variety of cells [219]. The orienta-
tion of the glycoproteins is such that it contains N-linked gly-
cosylation site, several O-linked glycans, and a GPI-anchor.
The N-linked glycoforms are highly heterogeneous,
consisting of more than a hundred complex-types. The glycan
seems to play major roles in affecting CD59 and binding af-
finity, indicating that the glycan affects cell surface packaging
of proteins and prevents their aggregation on the cell surface.
Hydrophilic type of glycan, are proposed to limit interaction
of the protein with lipid bilayer and in turn facilitation their
diffusion along cell membranes [220]. N-linked glycosylation
affects structure, stability, and assists in the assembly of olig-
omeric complexes, which enable the orientation of cell surface
glycoproteins to cell surface [220].

Stability and thermodynamic

Carbohydrate plays a significant role in the stability and ther-
modynamics of proteins. Glycoproteins demonstrate more sta-
bility compared with unglycated proteins [220] and reduce the
disorder associated with unfolded protein. Carbohydrates de-
stabilize the unfolded state of their glycosylated variant com-
pared to the un-glycosylated counterpart [221]. The stability
of glycoproteins can be described using the structure of human
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chorionic gonadotropin hormone (hCG) and human CD2,
having resolved their various structures using nuclear magnet-
ic resonance, NMR [222–224].

The reports of Wyss et al. have shown the extent of mobil-
ity of protein backbone of CD2 and N-acetyl groups of first
two GlcNAc residues in CD2. The motion of the amide nitro-
gen within the glycosylated sites are highly restricted.
Residues around the glycosylation site also express con-
siderable rigidity. Similarly, the N-acetyl group of
GlcNAc1 is severely restricted compared with mobility
of other amide nitrogens in the rigid polypeptide back-
bone. The study suggested that carbohydrate is essential
to stabilize the region around the glycosylation site of
CD2. hCG contains 92 amino acid residues with α-
subunit in the αβ heterodimeric protein and glycosylat-
ed at Asn52 and Asn78. De Beer et al. NMR studies on
free α-subunit of hCG and the influence of the β-
subunit on conformation and N-glycosylation of the α-
subunit indicated that Asn52 glycosylation site on the
glycoprotein appears to implicate signal transduction
and heterodimer association. Their studies further indi-
cated that carbohydrate at the Asn78 plays critical roles
in maintaining structure of the α-subunit. Aside from
the critical stability role Asn78, no direct biological
activity’s role was observed, however, mutant lacking
the Asn78 amino acid unit is poorly secreted and de-
graded rapidly in vivo [225]. Generally, carbohydrates
contribute exclusively to entropic terms, while hydro-
phobic contacts established made between peptide resi-
dues contribute to enthalpic energy. Critical observation
of the stability of glycoproteins in most cases, attributes
their stability due to large entropic effects rather than
enthalpy effects [220].

Regulation of glycoproteins in DM

Chemical compounds

Glycoproteins are groups of macromolecules that carry out
several biological functions including hemoglobin binding,
lipids and vitamins transport, as hormone receptors in signal
transduction, in assigning immunological specificity and
blood coagulation. Abnormalities of glycoprotein metabolism
are usually observed both naturally and experimental diabetes,
thus some investigations were carried out to study the effect of
chemical drugs on plasma and tissue glycoproteins in diabetic
rats.

N-benzoyl-D-phenylalanine and metformin

In non-insulin dependent diabetes mellitus, the potential ef-
fects of N-benzoyl-D-phenylalanine and metformin were rec-
ognized on the glycoprotein components and glucose

metabolism in neonatal streptozotocin-induced experimental
diabetic rats. After oral treatment with N-benzoyl-D-
phenylalanine and metformin, the hexose, hexosamine, fucose
levels were near to normal compared to the diabetic control
rats and plasma insulin and tissue sialic acid were increased
[226].

2-allyl amino 4-methyl sulfanyl butyric acid

The 2-allyl amino 4-methyl sulfanyl butyric acid was pro-
posed as a potent antidiabetic agent and also has a protective
effect on glycoprotein metabolism. In a study, molecular
modeling was used for investigating the modes of 2-allyl ami-
no 4-methyl sulfanyl butyric acid interaction with active sites
of insulin receptor. It was found that administration of 2-allyl
amino 4-methyl sulfanyl butyric acid (170 mg kg−1) signifi-
cantly decreased the glycoprotein levels of plasma, liver, and
kidney whereas levels of plasma insulin, hexokinase, glyco-
gen and glycogen synthase were potently increased [227].

Succinic acid monoethyl ester

Pari and Saravanan reported that Succinic acid monoethyl
ester has the effective performance on regulation of glycopro-
tein levels. They experiment on 42 rats (6 control rats, and 36
surviving diabetic rats), Succinic acid monoethyl ester (8
μmol/g bw) was administered intraperitoneally to rats. At
the end of the 30 days experimental period, the levels of plas-
ma glycoproteins, glucose and glycosylated were reduced but
plasma insulin, tissue sialic acid, and haemoglobin were in-
creased whereas tissue hexose, hexosamine and fucose were
near- normal levels [228].

Zinc

Many trace elements have key roles in glucose metabolism
such as Zinc. This vital element is required for various cellular
functions, and the major function of Zinc in human metabo-
lism is as a cofactor for different enzymes. In diabetes
mellitus, Zinc plays an important role in the storage pancreatic
hormone and the stabilization of insulin hexamers. In 2016,
Sacan et al. investigated the protective effect of Zinc on the
antioxidant enzyme activities and amount of glycoprotein
components in lung tissue of diabetic rats [229].

Natural products

Medicinal plants have been used as one of the most important
drug sources all over the world for centuries. There are some
studies available which deal with natural products in modify-
ing altered glycoprotein and treating diabetes mellitus that is
discussed in following sections (table 1)[230].
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Cardiospermum halicacabum

Considerable attention has recently been paid to the role of
various traditionally effective medicinal plants for their effica-
cy against abnormal glycoprotein levels in diabetes. One of
these remedies is Cardiospermum halicacabum leaf, which
has been used in Chinese medicine. In this study, Veeramani
et al. investigated the protective effect of Cardiospermum
halicacabum leaf extract (CHE) on plasma and tissue glyco-
proteins metabolism of male albino Wistar rats. The animals
were made diabetic by an intraperitoneal injection of
streptozotocin, then rats were divided into five groups of six
rats each: Group I: Normal, Group II: Normal + CHE, Group
III: Diabetic control rats, Group IV: Diabetic + CHE, Group V:

Diabetic + glibenclamide. Diabetic rats exhibited an elevated
level of blood glucose and treatment with CHE and
glibenclamide showed a decreased level of blood glucose.
This investigation also indicates that oral administration of
Cardiospermum halicacabum leaf extract for 45 days signifi-
cantly decreased plasma and tissue glycoproteins due to im-
proved glycemic control [231].

3-hydroxymethyl xylitol

The study of Govindasamy et al was carried out to evaluate
the protective role of 3-hydroxymethyl xylitol on glycoprotein
metabolism in diabetic rats. Casearia esculenta root has been
used therapeutically in India and its extract contains an active

Table 1 Beneficial effect of Natural products on diabetic rats

Phytochemical & plant name Compound name Mechanism of action References

Cardiospermum halicacabum - ↓glycoproteins in plasma, liver and kidney
↓glucose levels in the plasma

[231]

Casearia esculenta 3-hydroxymethyl xylitol ↓glycoproteins in plasma and tissue [232]

- β-caryophyllene ameliorates deranged glycoprotein
↓blood glucose
↑plasma insulin

[233]

Helicteres isora - ↓glycoproteins in plasma, liver and kidney [234]

- Tyrosol [4-(2-hydroxyethyl) phenol] ↓glycoproteins in plasma, liver and kidney
↓blood glucose
↑plasma insulin

[235]

Curcuma long
(Zingiberaceae)

Tetrahydrocurcumin ↓glycoproteins in plasma, liver and kidney
↓blood glucose
↑plasma insulin

[239]

Casearia esculenta - ↓glycoproteins in plasma, liver, kidney and cardiac tissues [237]

Gymnema montanum - ↓glycoproteins in plasma, liver and kidney
↓blood glucose
↑plasma insulin

[236]

Tephrosia purpurea - ↓glycoproteins in plasma, liver and kidney
↓blood glucose
↑plasma insulin

[238]

- Umbelliferone (7-hydroxycoumarin) ↓glycoproteins in plasma and tissues (liver, kidney,heart, and
brain)

↓blood glucose
↑plasma insulin

[241]

- tetrahydrocurcumin and chlorogenic
acid

↓glycoproteins in plasma, liver and kidney
↓blood glucose
↑plasma insulin

[240]

cherry sticks - ↓glycoproteins in plasma
↓blood glucose, glycosylated hemoglobin, urea, and creatinine

[242]

Vitex negundo iridoid glucoside ↓glycoproteins in plasma, liver and kidney
↓blood glucose
↑plasma insulin

[243]

Terminalia belerica - ↓glycoproteins in plasma
↓blood glucose, glycosylated hemoglobin

[244]

Terminalia chebula ↓glycoproteins in plasma, liver and kidney
↓blood glucose, glycosylated hemoglobin, urea, and creatinine
↑plasma insulin and C-peptide

[245]

- S-allylcysteine ↓glycoproteins in plasma, liver and kidney
↓blood glucose
↑plasma insulin

[246]

Chard (Beta vulgaris) - ↓Lung tissue glycoproteins [247]
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compound 3-hydroxymethyl xylitol. Diabetes was established
by injection streptozotocin in rats after then the glycoproteins
level containing hexose, hexosamine and fucose in the liver
and kidney were significantly increased, and level of sialic

acid elevated except kidney in STZ-induced diabetic rats.
The results showed that oral administration of 3-
hydroxymethyl xylitol reversed those parameters level toward
normal level compared to the untreated diabetic rats [232].

Fig. 4 The structure of natural and chemical compounds that regulate of glycoproteins in DM

Fig. 3 The natural products that
regulate of glycoproteins for the
management of DM
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β-caryophyllene

β-caryophyllene is a sesquiterpene lactone compound and
mainly present in oil of several Chinese and Indian spices such
as thyme, cloves, oregano, black pepper, and cinnamon. In the
experimental study, β-caryophyllene was administered orally
(200 mg/kg body weight) for 45 days to diabetic rats and
effects were comparable to those with glibenclamide (600
μg/kg b.w). The results showed β-caryophyllene in an animal
model has revealed significantly decreased blood glucose and
increased plasma insulin. The increment in insulin action and
secretion will meliorate the metabolism of glycoprotein com-
ponents in the diabetic state [233].

Helicteres isora

Another research showed that Helicteres isora plant extract is
responsible for the antidiabetic activity and presents a protec-
tive performance on the carbohydrate moieties of glycoprotein
in STZ induced diabetic rats. The effects of oral administration
of Helicteres isora plant extract to diabetic rats directed re-
duced levels of plasma glycoproteins. The levels of tissue
hexosamine, hexose and fucose were reversed to near normal
and level of tissue sialic acid has risen. Therefore Helicteres
isora plant extract possesses a major protective influence on
glycoprotein metabolism in and to lead anti-diabetic effect
[234].

Tyrosol [4-(2-hydroxyethyl) phenol]

The effectiveness of vegetable oils such as olive oil, which has
antioxidant agents, is known to improve chronic diseases.
Among the natural phenolic compound in olive oil is
Tyrosol [4-(2-hydroxyethyl) phenol], which is suggested to
be used for the t rea tment of d iabetes mel l i tus .
Chandramohan et al. studied the tyrosol effects on altered
components of glycoprotein in diabetic rats. The data showed
normalization and restoration of biochemical parameters such
as plasma glucose, insulin also significantly decreased hexose,
hexosamine, fucose and increased the concentration of sialic
acid in the liver and kidney in STZ diabetic rats after oral
administration of tyrosol [235].

Gymnema montanum

Gymnema montanum have been used for pharmacological
effect, such as diabetes treatment, as a digestive stimulant,
and a diuretic. The antidiabetic potential of leaves extract
(ethanolic) of Gymnema montanum was determined in
alloxan-induced diabetic rats. It was observed that the leaves
extract at 200 mg/kg, enhanced body weight of diabetic rats.
Additionally, there was a decrease in blood glucose and an
increase in plasma insulin of diabetic rats. Treatment with

Gymnema montanum was successful in reduces glycoprotein
components in experimental diabetes [236].

Casearia esculenta

Casearia esculenta or Wild cowrie fruit is a plant used in
traditional medicines in India and is considered as an effective
herb against diabetes mellitus. In a study, the extract of
Casearia esculenta root was used to decrease glycoprotein
in plasma and tissue of STZ diabetic rats. In groups treated
with extract of the root (200, 300 mg/kg), it was shown that
there was a normalizing effect on glycoprotein components
such as hexosamine, hexoses, sialic acid and fucose in plasma,
kidney, liver and cardiac tissues [237].

Tephrosia purpurea

Pavana et al. have reported, the effect of ethanolic extract of
Tephrosia purpurea seeds on glycoprotein metabolism in
Wistar rats. Animal were categorized into control and exper-
imental groups. In experimental animals, oral treatment with
Tephrosia purpurea seeds (300 mg/ kg) showed modifying
altered glycoprotein components [238].

Tetrahydrocurcumin

Tetrahydrocurcumin is a common metabolite of curcumin,
which has been reported to protect against atherosclerotic le-
sions, inflammation and hepatotoxicity. A study was conduct-
ed a period of 45 days, in which Tetrahydrocurcumin was
given at 80 mg/kg dose in STZ-nicotinamide induced diabetic
rats. It was found that Tetrahydrocurcumin administration sig-
nificantly decreased the plasma glycoproteins and blood glu-
cose [239]. In another study designed to test the effectiveness
of tetrahydrocurcumin and chlorogenic acid as a treatment for
diabetic rats. These phenolic natural products as individual
and combined doses were administered for 45 days to diabetic
rats. The results of the investigations show that combined
tetrahydrocurcumin and chlorogenic acid treatment provide
more effective than individual treating in decreasing glycopro-
teins, plasma glucose and increased levels of insulin [240].

Umbelliferone (7-hydroxycoumarin)

Umbelliferone (7-hydroxycoumarin) is a benzopyrone de-
rived from coumarin that is found in fruits. In a study, STZ-
induced diabetic rats were administered with Umbelliferone
dissolved in 10% dimethyl sulfoxide. It was observed that rats
receiving Umbelliferone had decreased glycoprotein levels in
the plasma and tissues (brain, heart, liver, and kidney). There
was also an increase in insulin plasma and normalization of
blood glucose after treatment. [241].
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Cherry

Cherry is one of the best fruits for many inflammatory dis-
eases. The protective effect of cherry sticks extract on glyco-
protein metabolism in diabetic mice was investigated.
Administration of cherry sticks extract to diabetic mice indi-
cates the metabolic alteration of glycoprotein reverted towards
normal levels [242].

iridoid glucoside

Sundaram et al. described an experimental diabetic model in
male albino Wistar rats by administering STZ. The isolated
iridoid glucoside from the leaves of Vitex negundowas admin-
istered orally to STZ-diabetic rats for 30 days. The effects of
iridoid glucoside were compared to glibenclamide, which is
often used as a standard drug. After administration of iridoid
glucoside to diabetic rats, the metabolic alteration of glyco-
proteins in plasma, liver, and kidney reverted towards normal
levels [243].

Terminalia

Some researchers have suggested the effects of fruits extract
such as Terminalia belerica [244], Terminalia chebula [245]
on the levels of plasma and tissue glycoprotein components in
diabetic rats and results showed diabetic rats had decreased
plasma insulin and elevated blood glucose, sialic acid, total
hexoses, fucose, and hexosamines in the plasma and tissues.

S-allylcysteine

S-allylcysteine is a sulfur containing amino acid, a derivative
of garlic, treatment with S-allylcysteine has developed glyce-
mic control and therewith reduced the formation of glycopro-
tein components in addition to its antioxidant activity effect
[246].

Chard (Beta vulgaris)

Many researches have been conducted that decrease in hyper-
glycemia could lead to a reduction in glycoprotein compo-
nents. Research by Sacan et al. has shown the effect of
Chard (Beta vulgaris), is a green leafy vegetable, on lungs
glycoprotein components. In this study insulin, chard and
chard insulin administration resulted in reversal of glycopro-
tein components in the lungs of diabetic rats except for hexose
values. So chard indicates protective features against diabetic
complications, as evidenced by normalization of glycoprotein
components and well glycemic control [247]. The natural
products and chemical compounds are shown in Fig. 3 and 4.

Conclusion

A large number of proteins that exist in nature are covalently
linked to carbohydrates forming glycoprotein. They are vital
form of biomolecules that partake in numerous type of phys-
iological and abnormal conditions. These protein-
carbohydrate compounds exist in many forms of vital impor-
tance, such as hormones, enzymes, membranes, antibodies
among others. The comprehension of their structure and func-
tions are very essential and inevitable to enhance the knowl-
edge of glycoengineering for glycoprotein-based therapeutics
as may be required for treatment of diabetes mellitus and its
associated complications. Abnormalities of glycoprotein me-
tabolism are generally founded in the diabetic state. Based on
reviewed animal studies, different traditional medicaments
and chemical compounds are potentially efficacious on regu-
lation of glycoproteins in diabetes mellitus.
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