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Abstract: The causes of insulin resistance are not well-understood in either type 1 or type 2 diabetes.
Insulin (INS) is known to undergo rapid non-enzymatic covalent conjugation to glucose or other
sugars (glycation). Because the insulin receptor (IR) has INS-like regions associated with both
glucose and INS binding, we hypothesize that hyperglycemic conditions may rapidly glycate the
IR, chronically interfering with INS binding. IR peptides were synthesized spanning IR- associated
INS-binding regions. Glycation rates of peptides under hyperglycemic conditions were followed
over six days using matrix assisted laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry. INS conjugated to horse-radish peroxidase was used to determine INS binding to IR
peptides in glycated and non-glycated forms. Several IR peptides were glycated up to 14% within
days of exposure to 20–60 mM glucose. Rates of IR-peptide glycation were comparable to those of
insulin. Glycation of four IR peptides significantly inhibits INS binding to them. Glycation of intact
IR also decreases INS binding by about a third, although it was not possible to confirm the glycation
sites on the intact IR. Glycation of the IR may therefore provide a mechanism by which INS resistance
develops in diabetes. Demonstration of glycation of intact IR in vivo is needed.
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1. Introduction

We propose a novel mechanism by which insulin (INS) resistance might arise in both type 1
(T1DM) and type 2 (T2DM) diabetes: Rapid glycation of the insulin receptor (IR) may result
in decreased INS binding and subsequent impairment of IR activity. We test the plausibility of
this hypothesis in vitro using mass spectrometry to follow the glycation of IR-derived peptides,
an enzyme-linked-insulin binding assay to measure INS binding to these peptides, and ultraviolet
spectroscopy to measure binding of INS to intact, glycated IR.

While development of insulin resistance is an important concomitant of the development and
progression of both T1DM and T2DM, its causes are still mysterious. Insulin resistance is characterized
by the presence of normal numbers of insulin receptors (IR), significantly increased levels of insulin
(INS), but decreased INS activity. Various mechanisms have been proposed to explain insulin resistance.
In T1DM, insulin resistance is thought to be due to hyperglycemia producing down-regulation of
glucose transporters and the disruption of fatty acid regulation producing post-transport regulation
of insulin activity [1,2]. Since a third of type 1 diabetics share risk factors for type 2 diabetes,
such as obesity, it is possible that insulin resistance in T1DM has additional causes shared with
T2DM [3]. The possible causes of insulin resistance in T2DM have been attributed variously to
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neural and endocrine mechanisms, inflammatory mechanisms, and cell-intrinsic mechanisms, all of
which are physiologically interconnected. As in T1DM, increased serum concentrations of fatty acids
(FAs), and their subsequent metabolites may trigger inhibitory phosphorylation of insulin signaling
pathway elements [4]. Adipokines, including leptin, adiponectin, and resistin, are also believed to
be involved [5] through changes in whole body metabolism, inflammation, drive to exercise, and
hunger [6,7]. Inflammatory molecules, such as tumor necrosis factor (TNF) α and IL-6 may contribute
to insulin resistance by activating various kinases that initiate phosphorylation of IR substrates [8–10].
Cell-intrinsic mechanisms encompass development of ectopic fat [11], which may produce an autocrine
version of the aforementioned FA-based endocrine signaling changes. Other intrinsic mechanisms
include oxidative stress and dysfunction of organelles, such as the mitochondria and the endoplasmic
reticulum [12,13]. Thus far, none of these mechanisms have proven sufficient to explain insulin
resistance. We suggest that non-enzymatic glycation of the IR may explain aspects of insulin resistance
that have remained unexplained.

While non-enzymatic glycation of some proteins such as insulin (INS) and hemoglobin A1C is a
well-known phenomenon accompanying hyperglycemia in both type 1 and type 2 diabetes [14,15],
the effects of such glycation on receptor proteins such as the IR have not yet been explored. In fact,
the extent of glycation in normal individuals is wide, encompassing several thousand unique
proteins, although only a small number of these differentiate diabetic from healthy individuals [16,17].
The mechanistic effects of protein glycation on diabetes-related functions have been investigated
for only a handful of these differentiating proteins: serum albumin [14,18]; CD59, an inhibitor
of the membrane attack complex (MAC), which targets cells for destruction and is increased in
various tissues of diabetic patients [19]; low density lipoproteins [20]; lens proteins such as α
crystallins [21]; insulin-like growth factor binding protein 3 [22]; β-2 microglobulin [23]; sorbitol
dehydrogenase [24]; collagen [25]; glutathione reductase [26]; and insulin (reviewed below). No one
has yet investigated whether the IR or other receptors become glycated, nor whether such glycation
might inhibit glucose regulation.

We hypothesize that glycation of the IR provides a logical mechanism for producing INS resistance.
Our hypothesis is an extrapolation from the work of several groups that have previously demonstrated
that INS itself undergoes rapid glycation under hyperglycemic conditions combined with the facts
that the IR shares sequence homologies with INS and that the IR itself binds glucose.

INS glycation is well-characterized. Glycation is defined as the non-enzymatic covalent
conjugation of glucose (or other sugars) to a peptide or protein. In solution, hexoses exist in equilibrium
as two primary isomeric forms: the open-chain aldohexose and cyclic hemiacetal. In the presence
of dissolved peptide, the aldohexose is usually susceptible to nucleophilic attack by terminal α- or
lysine residue ε- amino groups. This reaction results in condensation of an unstable glycosylamine
adduct, which rearranges over time into the Amadori aminodeoxyketose. The Amadori product
becomes the basis for the development of advanced glycation end products (AGEs) that are highly
associated with diabetic complications [27]. It is generally assumed that AGEs develop over weeks
or months. The glycation of INS is extraordinary, although not unique, in taking place over hours
rather than weeks [28]. A similar effect is observed in hemoglobin A1D (not to be confused with
A1C), a hemoglobin fraction that glycates extremely rapidly in response to acute changes in plasma
glucose [14].

Evidence suggests that the initial glycation of INS by glucose occurs at the phenylalanine 1 at the
N-terminus of the B chain of INS [28–31]. With longer incubations, an average of two glycations occurs
per INS at either of two additional glycation sites: the N-terminus glycine 1 of the A chain or the single
lysine 29 of the B chain [30,31]. The rapidity of the glycation of insulin and the preference for glycation
of particular sites is consistent with other research that has demonstrated the existence of six glucose
binding sites on INS [32–34], including one involving the phenylalanine 1, valine 2 and glutamine 4 at
the N-terminus of the B chain [34–36], another involving the lysine 29 of the B chain [34], and a third at
the glycine 1 and glutamine 5 of the A chain [34,35]. The three other binding sites are scattered across
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the A and B chains [34] and involve one or more tyrosine residues, including the tyrosine 14 of the A
chain [36] and histidines. Cheng and Kawakishi [37] have demonstrated that the histidines on insulin
can be glycated in the presence of copper ions. D-galactose, D-mannose and 2-deoxy-D-glucose bind
with lower affinity to these glucose binding sites [36]. INS can also be glycated by fructose [38].

Based on the extensive evidence that INS can be glycated rapidly, and the fact that the IR shares a
number of INS-like regions [39,40], we hypothesize that the IR may also glycate rapidly. The regions
shared by the IR with INS are summarized in Figures 1 and 2. These INS-like IR regions are associated
with INS binding sites (Figure 2) and also bind glucose, modifying the affinity of INS for the IR [41,42].
Moreover, INS binding to the IR is sensitive to acute variations in glucose concentration so that
under hyperglycemic conditions, the binding of INS to the IR is decreased significantly [41,42]. These
observations suggest that hyperglycemia could lead to glycation of INS-binding INS-like regions of
the IR resulting in a detrimental effect on INS binding.
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Figure 1. Insulin homologies in the human insulin receptor (IR). Lines indicate identical amino acids;
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If INS and the IR both glycated rapidly under hyperglycemic conditions, then a combination of
glycated INS and glycated IR could produce significantly reduced IR activation even in the presence
of normal amounts of IR and stimulate the over-expression of INS that is observed in diabetes. This
prediction extrapolates from the observation that INS glycation by itself results in decreased INS
activity in several in vitro and in vivo mouse studies [43–45] and is present in poorly controlled type 1
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and type 2 diabetic patients [46]. Similar rapid glycation of IR would, we predict, further inhibit INS
activity, but have more pronounced and longer-acting effects than glycated INS since IR turnover is
at a much slower rate of weeks [47]. Additionally, like INS, IR is stored intracellularly prior to use,
and it is also recycled, so that glycation under hyperglycemic conditions might occur not only due to
exposure to extracellular glucose but also intracellularly due to exposure to polyols such as sorbitol or
fructose [48].Int. J. Mol. Sci. 2017, 18, 2602 4 of 20 
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Figure 2. Annotated sequence of the extracellular (amino acids 1–956) portion of the insulin receptor
(IR) (UniProt P06213 at www.expasy.org) summarizing where various types of studies have identified
insulin binding regions. Bold letters represent sequences for which several techniques (alanine
substitutions, blocking antibodies, photo-crosslinking studies—reviewed in [42]) have demonstrated
insulin binding. Regions highlighted in black with white lettering mimic insulin and bind glucose
(reviewed in [42]). Regions highlighted in grey mimic glucagon. Underlined regions are those that
bind insulin-HRP in the present study.

The purpose of the research presented here is to test the plausibility of this IR-glycation hypothesis
by examining whether peptides derived from the IR glycate in vitro, comparing their rates of glycation
to that of INS, and determining whether such glycation alters INS binding to these IR peptides and to
intact IR.

2. Results

In order to test our hypothesis that the IR may rapidly glycate under hyperglycemic conditions,
peptides were synthesized covering about half of the IR sequence (Table 1). Some of these peptides
mimic INS, which is known to glycate rapidly under hyperglycemic conditions, while some of the
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peptides were from regions of the IR that showed no similarity to INS. The glycosylamine and Amadori
adducts that result from rapid glycation have a theoretical weight of 162 da, so glycated peptide can
easily be demonstrated by mass spectrometry, hence matrix assisted laser desorption/ionization-time
of flight (MALDI-TOF) mass spectrometry was used to measure peptide glycation.

Table 1. Table summarizing experiments to identify motifs determining insulin-receptor (IR) peptide
glycation and whether glycation of IR peptides results in inhibition of insulin binding to these peptides.
Specifically, this table provides binding constants glucose binding non-covalently to various insulin
receptor (IR) peptides; glycation of the same IR peptides at 20 mM glucose for six days; the binding
constants (µM) of insulin-HRP (Ins-HRP) to IR peptides from (40, 41) binding of Ins-HRP at 10 nM
to the IR peptides in the absence of glycation; and whether there is a change in Ins-HRP binding
at 10 nM to each IR peptide after exposure to glycating conditions (six days at 20 mM glucose).
Some peptides glycated at more than one position, so the column showing “% Glycation” shows the
percent of peptide glycated at the primary site followed by the percent glycated at the secondary
site. The numbers of the IR peptides at the left refer to the UniProt numbering system for the human
IR (P06213). The abbreviations in parentheses following the peptide number refer to whether the
peptide mimics insulin (insulin-like or IL) or glucagon (glucagon-like or GL) (see [38,40,41]). Known
enzymatic glycosylation sites (N-acetylglucosamine) are indicated by the bolded N (asparagine) with a
grey background (see UniProt P06213 at www.expasy.org). Lysines (K), which are often targets of the
Maillard reaction, are printed in white against a black background. Note that not all N are enzymatic
glycosylation sites. Note also that there is no obvious correlation between the presence of K and
glycation, nor are all peptides glycated, although free amines are present on all of the peptides and
are often associated with glycation reactions (see text). Glycation, under the conditions utilized here,
is better associated with the affinity of glucose for the IR peptide.

Insulin Receptor Peptides
Peptide

Molecular
Weight

Glucose
Binding
Kd (mM)

% Glycation
6 Day

20 mM

Ins-HRP
Kd (µM)

10 nM Ins-HRP
Binding
(Native)

Ins-HRP Binding
Inhibition
(Glycated)

Insulin 5808 0.25 & 30.0 24/6 Not Done Not Done Not Done
28-43 HLYFGEVCPGMDIRNN 1906 50 0/0 ND no no
37-51 GMDIRNNLTRLHELE 1677 40 11/0 ND no no

51-61 (IL) ENCSVIEGHLQ 1316 52 6/0 ND YES YES
91-103 (IL) FRVYGLESLKDLF 1570 37 13/4 2.5 YES YES

105-118 (IL)
NLTVIRGSRLFFNY 1568 35 2.4/0 6.2 YES YES

157-166 (GL) TIDWSRILDS 1202 57 4/2 >100 no no
233-248 (IL)

CCHSECLGNCSQPDD 2376 46 14/0 >100 no no

284–300 (GL)
SFCQDLHHKCKNSRRQG 1835 >500 0.1/0 3.0 YES INSIGNIF.

390-405 (GL)
EISGYLKIRRSYALVS 1510 30 13/2 55.0 no no

425-444 (GL)
YSFYALDNQNLRQLWDWSKH 2316 >500 0/0 >100 no no

453-464 (IL) TQGKLFFHYNPK 1467 57 9/0 >100 no no
660-679

ERQAEDSELFELDYCLKGLK 2474 70 0/0 >100 no no

689-705
ESEDSQKHNQSEYEDS 1912 63 0/0 ND no no

730-742 KTFEDYLHNVVFV 1261 60 11/0 ND no no
897-916 (IL)

HLCVSRKHFALERGCRLRGL 2314 14 4.5/0 0.3 YES YES

Figure 3 shows an example spectrum of glycated recombinant human insulin obtained by
MALDI-TOF MS. The percent glycation of total available peptide after six days exposure to 20 mM
glucose is shown in Table 1 for insulin and the fifteen IR peptides tested. Ten of the peptides glycated
between 2.0% and 13.5% after five or six days of exposure to 20 mM glucose. Examples of the mass
spectrometry data are provided in Figures 4–6 for insulin, IR 105–118, and IR 897–916.
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Figure 3. Matrix assisted laser desorption/ionization-time of flight (MALDI-TOF) spectrum illustrating
non-enzymatic glycation of insulin receptor peptide 897–916 glycated in 20 mM glucose for 6 days.
The unglycated peptide peak is at 2319.5 amu. Peptides were desalted with 0.1% TFA prior to
analysis but some salt remained. Thus multiple peaks are observed immediately adjacent to the
most prominent peak at intervals of 11 amu, which represent ionized sodium adducts produced by the
desorption/ionization event in MALDI. An additional peak is observed at 160 amu (the mass of the
glucose adduct) from the unglycated peptide peak, which represents the glycated peptide.
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Note that the glycation is a two-step process with a very rapid glycation occurring during the first
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plotted as a running average of multiple measurements at each time point.
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Figure 6. Rate of glycation of IR 897–916 at various concentrations of glucose as determined
by MALDI-TOF.

Rates of glycation for the various IR peptides were calculated at varying glucose concentrations,
as shown in Figures 4–6. In no case did 5 mM glucose produce observable glycation. Glycation
of IR peptides required hyperglycemic conditions. The first stage of glycation—formation of
the glycosylamine adduct—is fully reversible, and free sugar and peptide likely predominate at
equilibrium, since the non-reacting cyclic hemiacetal is heavily favored over the aldohexose in solution
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(99:1). Meanwhile, the formation of the Amadori product is less reversible, siphoning away the
glucosamine adduct by rearrangement to drive the reaction forward. However, we observed an
apparent asymptote in the extent of glycation at all concentrations of glucose. This is unlikely to be
the result of depletion of available glucose, since concentration of dissolved glucose greatly exceeded
peptide. The slow Amadori rearrangement is most probably the limiting factor. If this is the case,
a majority of peptide-reacted glucose is still in the glucosamine form at six days, raising the possibility
that the process is reversible with appropriate intervention (see Discussion). Glycation was not,
however, complete within the six days over which these experiments were run, suggesting that
continued exposure to hyperglycemic conditions can continue to glycate additional IR sites over an
extended period of time measured in weeks or months if euglycemia is not established.

Glycation reactions often occur on free amines (see Introduction), but five of the fifteen peptides
did not glycate measurably, although all fifteen had a free N-terminus. Similarly, glycation did not
correlate with whether the peptide had a lysine residue, which also contains a free amine (Table 1).
Thus, glycation is not a function merely of the presence of a free amine, but must be regulated by
other aspects of the specific sequence of the peptide. For those peptides that were glycated, glycation
increased in a concentration-dependent fashion from 20 mM through 180–200 mM glucose.

One factor determining the susceptibility of an IR peptide to glycation was whether it binds
glucose. There was good correlation between glucose binding affinity (as summarized in Table 1
and reported previously in [41,42]), whether a peptide glycated, and the extent to which it glycated
(Table 1). A few IR peptides become doubly glycated (Table 1). At the highest glucose concentrations,
INS becomes tri-glycated. The percent of glycated INS we observed, and the rate at which glycation
proceeded (Figure 4), compares favorably with those reported previously from experiments on INS
run under similar conditions [28–31]. The rate of glycation of IR peptides under the same conditions is
only slightly slower than the glycation of INS (compare Figures 4–6) and hundreds of times faster than
that reported for hemoglobin A1C [14].

Our hypothesis predicts that IR glycation should interfere with INS binding to the IR. As a first test
of this prediction, we examined horse-radish peroxidase-linked INS binding to IR peptides. INS-HRP
binding curves for representative IR peptides are shown in Figure 7 and all binding constants provided
in Table 1. Of the ten peptides that glycated measurably, only four also bound INS-HRP (IR 51–61;
IR 91–103; IR 105–118; IR 897–916) (Table 1). Each of these four peptides showed very significant loss
of INS-HRP binding after glycation with shifts of the binding curves to the right (Figures 8–10). It is
likely that steric interference of peptide-insulin bonding by the hexose-derived adduct is the source of
affinity loss.

A positive control confirms that the affinity loss is likely due to peptide glycation and not other
possible factors. INS-HRP bound to one of peptides (IR 284–298) (Figure 11) that did not glycate.
The same 6-day exposure to 20 mM glucose that significantly altered INS-HRP binding to the four
other IR peptides did not alter the affinity of IR 284–298 for INS–HRP. Thus, glycation, rather than
peptide degradation or other possible factors, is almost certainly the cause of the loss of INS binding to
the glycated peptides.

Glycation of the intact insulin receptor (IR) also resulted in decreased INS binding to the receptor
as demonstrated in Figures 12–14. In this case, we employed ultraviolet spectroscopy to measure INS
binding to the IR, using concentration-dependent shifts in the spectra to calculate binding curves. INS
and IR were separately incubated in either phosphate buffered saline at pH 7.4 (PBS) or 20 mM glucose
in PBS for six days and then the binding of unglycated and glycated INS was determined with both
unglycated and glycated IR. The binding constant of unglycated INS for unglycated IR in PBS was
determined to be 70 µg/mL of INS (Figure 12), whereas the binding constant of unglycated INS for
unglycated IR in 20 mM glucose was determined to be 110 µg/mL of INS (Figure 13), confirming our
previous report that hyperglycemic conditions decrease INS binding to the IR [40,41]. Glycation of the
IR decreased INS affinity for the IR in both PBS and 20 mM glucose (Figures 12 and 13), shifting the
curve to the right. More significantly, glycation decreased the amount of binding by almost exactly one
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third (as measured by the decrease in absorbance) in both PBS and 20 mM glucose (Figures 12 and 13).
Figure 14 shows that the amount of binding decrease due to IR glycation is the same whether the
medium contained glucose or not.
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Figure 10. Insulin–HRP binding to insulin receptor (IR) 897–915 in the absence and presence of glucose
over six days.

Overall, these experiments demonstrate that INS binding to the IR exposed to hyperglycemic
conditions results in significant decreases in both affinity and binding of INS to the IR. While the
presence of glucose in the medium decreases INS affinity for the IR, glycation blocks INS binding to
the IR. The amount of blocking is independent of the presence or absence of glucose in the medium
and must therefore be due to an irreversible alteration in IR structure (Figure 14).
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Figure 12. Insulin (INS) binding to glycated and unglycated insulin receptor (InsR) in phosphate
buffered saline without glucose. The binding constant of the INS for InsR under these conditions was
found to be 70 µg/mL of INS. Glycation reduced the amount of binding by almost exactly one third
without appreciably altering affinity.
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One final set of tests of our hypothesis were also attempted, which involved the demonstration of
glycation on intact IR isolated from rat liver and exposed to hyperglycemic conditions. Attempts to
identify the sites of glycation on intact IR using proteolytic digestion followed by mass spectrometry
(MS) have so far been unsuccessful. Those regions of the IR containing peptides most likely to be
glycated according to the data summarized in Table 1 are consistently missing from the MS data output,
although all of the rest of the protein is properly reported. The missing data may indicate that these
regions are not properly proteolytically digested due to protection of digest sites by glycation; that
glycation neutralizes the fragments so that they remain uncharged and are therefore not analyzed;
that the resulting fragments are altered sufficiently to go unrecognized by the peptide identification
program; or may be due to some other unknown cause. We continue to attempt to resolve this hiatus
and note that this problem may explain why IR glycation has not been reported previously by other
MS-based studies of protein glycation in T1DM and T2DM.

3. Discussion

Our principle findings are as follows. No IR peptide glycated under euglycemic conditions of
5 mM glucose. Several IR peptides were glycated up to 10% within hours of exposure to 20–60 mM
glucose but did not reach maximal glycation even after six days of glucose exposure. The rate of
glycation is far more rapid than that observed with hemoglobin A1C and directly comparable to that
of INS and hemoglobin A1D [14]. Glycation was not associated with free terminal amines or lysine
residues, but correlated with the presence of previously demonstrated glucose binding sites on the
IR peptides. Thus, glycation of the IR is dependent on local amino acid sequences that determine the
glucose sensor capability of the IR [40,41]. Four glycatable IR peptide regions participate in INS binding
to the IR. Glycation of these four peptides significantly inhibits INS binding to them. One peptide that
also participates in INS binding, but does not bind glucose, was not significantly glycated nor was its
INS-binding capacity altered under hyperglycemic conditions, thereby demonstrating that glycation is
the key factor in decreased INS binding. Glycation of intact IR also results in decreased INS binding
and this decrease is augmented in the presence of previously glycated INS. Thus, our hypothesis that
the IR can be glycated rapidly under hyperglycemic conditions is supported as is our prediction that
such glycation can interfere with INS binding to the IR. IR glycation therefore provides a plausible
mechanism for producing INS resistance.

This study builds on a large body of prior literature demonstrating that INS is glycated and that
such glycation leads to decreased INS function. Our data on INS glycation is completely consistent
with this prior literature [38–41], helping to establish the reliability of our IR glycation data. Our study
differs significantly from previous studies in examining the glycation of IR and its effects on INS
binding. Our results therefore extend our current understanding of glycation reactions as a mechanism
for producing INS resistance from INS to its receptor.

The strength of this study is that glycation-associated decreases in INS binding to IR peptides
correlates completely with regions of the IR previously demonstrated to be involved with INS binding.
Thus, there is good reason to believe that the reduction in INS binding associated with glycation
will also occur in native IR in vivo. The fact that the Amadori product resulting from this glycation
is irreversibly bound to the peptides may provide a mechanism to explain the observation that
exposing cell cultures to hyperglycemic conditions results in an irreversible inhibition of subsequent
INS activity [48]. Subsequent modification of initial glycation products into AGEs may further increase
and extend the longevity of the INS resistance that results.

The main weakness of this study is that the experiments were performed under in vitro rather
than in vivo conditions and that we have not demonstrated that inhibition of INS binding actually
leads to decreased IR function. The use of HRP-labeled INS undoubtedly modified the affinity of the
INS for IR peptides, although the result is probably to underestimate the effects of glycation on INS
binding rather than the opposite. In any event, the HRP-labeled INS results were replicated using
unlabelled INS on intact IR. It also remains to be investigated whether increases in concentrations of
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polyols such as sorbitol and fructose due to chronic hyperglycemia may produce intracellular glycation
of IR. Unfortunately, as noted in the Results section, our attempts to measure glycation of intact IR
using mass spectrometry techniques have thus far failed due to the disappearance of a significant
fraction of the IR during analysis. Notably, the specific fraction that goes missing consists exactly of
those portions of the IR that our peptide studies demonstrate to be glycated. Until we resolve this
analytical issue, tissue or animal studies exploring the possible effects of glycation in vivo will not
be possible.

Our results are potentially important for providing a possible mechanism by which INS resistance
can be caused directly by hyperglycemia, without obviating or disproving other pathways that may
also contribute to insulin resistance, such as those reviewed in the Introduction. Specifically, glycation
of INS itself has already been demonstrated to reduce its affinity for the IR and IR activation and we
have demonstrated here that IR glycation decreases INS binding. In combination, glycation of both
INS and IR would result in a significant decrease in INS binding to the IR (one third or more according
to our data), thereby inhibiting IR-mediated INS signaling. Because the IR turns over on the order of
every several weeks or months, the effects of IR glycation from even transient hyperglycemia would be
expected to be chronic in nature. Repeated hyperglycemic episodes, or chronic hyperglycemia could
result in severe and very long-term inhibition of IR activity through such glycation (Figure 15).
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Figure 15. A summary of the mechanism proposed here by which glycation of insulin (INS) and the
insulin receptor (IR) results in decreased insulin activity. TOP: At normal concentrations of glucose
(green stars), INS (red block) binds to the IR (extracellular chains in blue and intracellular chains in
purple lines) causing conformational changes that result in the binding of insulin receptor substrate
(IRS) (yellow block) and second messenger activation. BOTTOM: Under hyperglycemic conditions, INS
and the IR both glycate. Glycated INS has reduced affinity for the IR and reduced activity and glycated
IR has reduced affinity for INS. A combination of glycated INS and glycated IR can be expected to
produce greatly reduced binding to the IR and, therefore, significantly decreased IRS binding and
second messenger activation. This reduced activation will be short-lived for INS, which turns over
rapidly (on the order of every 30 min) but will produce chronic insulin resistance through glycated IR,
which turns over only every month or so.
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Additionally, we emphasize that other proteins share sequence homologies with INS and IR,
including insulin-like growth factors (IGF), IGF-binding proteins [22], IGF receptors (IGFR), glucagon
receptors, and glucose transporters (GLUT) [41,49]. Any or all of these proteins may also glycate,
further disrupting glucose homeostasis.

4. Materials and Methods

4.1. Insulin Receptor Peptides

Insulin receptor peptides (Figure 1) were synthesized by RS Synthesis (Louisville, KY, USA) to at
least 95% purity by high pressure liquid chromatography (HPLC) and mass spectrometry. Peptides
or recombinant human insulin (rHu) (Lilly, Indianapolis, IN, USA) were dissolved in glucose-free,
phenol-red-free, Dulbecco’s modified Eagle growth medium (DMEM) to 1 mg/mL. Stock 2.0 M
D-glucose (Sigma-Aldrich, St. Louis, MO, USA) solutions were also made in DMEM. The peptide and
glucose stocks were combined to yield final reaction solutions with peptides at 0.1 mg/mL and glucose
at 0.0, 5.0, 20, 60, 200 or 2000 mM. Combinations were incubated at 36–38 ◦C for 1–6 days. Reactions
were stopped and solutions were stored by freezing at −20 ◦C. Glycated peptides were desalted by
centrifugal filtration through Ultrafree-MC 5 kda or Ultracel 3 kda filter units. Resulting retentate was
resuspended in low ionic strength saline immediately before performing mass spectrometry.

4.2. Mass Spectrometry

Samples were analyzed by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry on a Shimadzu Axima MALDI-TOF MS. The 256-well MALDI plate was prepared
by washing with 3:1 methanol/acetonitrile (ACN). In each well, the peptide layer was sandwiched
between layers of matrix (saturated α-cyano-4-hydroxycinnamic acid in 3:1 ACN/0.1% TFA) to
maximize ionization. The peptide layer was desalted on plate with three aliquots of 0.1% trifluroacetic
acid (TFA) prior to adding the final layer of matrix. 300 laser firing/detection events were averaged
per final spectrum, and low molecular weight compounds were excluded by ion gating to avoid
overwhelming the mass analyzer with small molecules. The extent of glycation was calculated as
a percent of the average of three experiments, by signal height, of the unglycated peptide peak.
The percent was graphed against incubation time, and fit to a power function.

4.3. Insulin-HRP Binding to IR Peptides

Each peptide was held constant at 0.1 mg/mL in pH 7.4 phosphate-buffered saline, and 100 µL
aliquots were pipetted into rows of a Costar high-binding ELISA plate and incubated for an hour.
The plate was washed 3× with 0.1% Tween 20 (Sigma-Aldrich) in 0.05 M phosphate buffered saline
(PBS). Two hundred µL 2% polyvinyl alcohol in PBS were added to each well and incubated 1 h.
The plates were then washed 3× again with 0.1% Tween 20. A solution of insulin conjugated to
horse-radish peroxidase (HRP), 0.83 µg in 1.0 mL PBS, was made and serially diluted with PBS by
thirds, ten times. These serial dilutions were added to the plate wells, incubated for an hour, and then
washed 3× as before. Finally, 100 µL of stock ABTS [2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid)] (Millipore, Burlington, MA, USA) was added to each well, incubated for thirty minutes, and
the plate was then read on a SpectraMax Plus scanning microplate spectrophotometer at 405 nm.
Controls wells lacking peptide but with PVA, INS-HRP and ABTS measured non-specific binding
that was subtracted from the absorbance values of the rest of the wells. All experiments were run in
triplicate and the averages of the corrected absorbances were then plotted against the concentration
of the INS–HRP for each peptide to yield binding curves. Because binding curves are calculated by
plotting differences, it was not possible to incorporate error bars into these curves.
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4.4. Effect of Glycation of Insulin-HRP Binding to Peptides

The same technique just described in Section 4.3 was used to measure the effect of glycation on
INS-HRP binding to IR peptides as above with one change: IR peptides were serially diluted instead
of the INS-HRP, which was held constant. This methodological modification was made in order to
reduce the amount of IR peptide required to obtain results. As in Section 4.3, each experiment was run
in triplicate and the results averaged.

4.5. Effect of Glycation of Insulin Receptor on Insulin Binding

Intact recombinant IR was obtained from Sigma-Aldrich (St. Louis, MO, USA) and utilized at
42.9 units/mL in phosphate buffered saline, pH 7.4 (PBS) or in PBS with 20 mM glucose added. PBS
and 20 mM glucose solutions of IR were incubated for six days at 37 ◦C. An aliquot of each preparation
was then subjected to centrifugal filtration and washing through Ultrafree-MC 5 kda or Ultracel 3 kda
filter units. The resulting retentates were resuspended in PBS. In this way, identical preparations of
unglycated IR and glycated IR were made in both PBS and in 20 mM gucose PBS. Microliter quantities
of PBS buffer, or 20 mM glucose PBS, or human recombinant INS (Sigma-Aldrich, St. Louis, MO, USA)
in PBS or 20 mM glucose PBS were then added serially to 100 µL of each of the four preparations of IR
and to control wells containing only PBS or 20 mM glucose PBS. Experiments were carried out in a
crystal 96-well plate and the serial combinations subjected to UV spectrophotometry to obtain their
spectra. The spectra of the control wells were subtracted from the spectra of the experimental wells to
yield expected values at each UV wavelength and differences between the controls and experimental
values determined. These differences were plotted according to the concentration of INS added to
the IR to yield binding curves. Binding constants were determined from the concentration at which
the binding curves inverted. Because of the small amount of retentates, the various conditions were
not run in duplicate; instead, the experiment was run independently, twice. Each run yielded similar
binding constants, but because the data from each run had different baseline values, it was not possible
to average the results, so only one of the sets of results is presented here.

5. Conclusions

The IR rapidly glycates under hyperglycemic conditions resulting in significantly decreased
INS binding under in vitro conditions. If this effect also occurs in vivo, the clinical implications of
rapid glycation under hyperglycemic conditions may be to cause interference with binding of INS,
IGF, and related hormones to their receptors that would last for the lifetime of the ligands and their
receptors. Direct measurement of IR, IGFR, and glucagon receptor-glycation might provide more
accurate and sensitive means for evaluating the effects of hyperglycemic episodes in diabetes than
does hemoglobin A1C.

Understanding glycation mechanisms of INS-related proteins such as the IR and IGFR may
provide new means for pharmacologically or nutritionally mitigating some adverse effects of
hyperglycemic episodes. Since glycation of IR peptides is not complete at six days under hyperglycemic
conditions, and the initial steps are reversible, various interventions may be possible to block glycation.
Various investigators have reported that vitamin C, aspirin, lysine, and other natural compounds can
inhibit INS or human serum albumin glycation in vitro or in vivo [50–52]. In addition, dehydroascorbic
acid (the oxidation product of vitamin C) has been demonstrated to compete with glucose uptake
through glucose transporters, thereby lowering decreasing the intracellular effects of hyperglycemia
on sorbitol production [48,53]. If these results are robust, then we would expect these and related
anti-glycosylation agents [54,55] to be effective for decreasing insulin resistance by decreasing glycation
of IR, IGFR, INS, IGF, and related proteins.

In summary, IR glycation due to hyperglycemia may broaden the significance of protein glycation
for understanding insulin resistance well beyond the existing literature on INS, hemoglobin, and
serum albumin by providing a direct mechanism for lasting effects of acute hyperglycemic episodes
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on IR function. These results may extend to other INS-related proteins such as IGF and the IGFR.
Better understanding of rapid non-enzymatic glycation of such proteins may provide better clinical
diagnostic measures as well as lead to specific treatment interventions.

Acknowledgments: We thank Maurine Bernstein for funding this research as well as the Dean of the College
of Natural Sciences of Michigan State University for support of Tyler Rhinesmith. Funding: This research was
supported by gifts from Maurine Bernstein.

Author Contributions: Tyler Rhinesmith, Robert Root-Bernstein and Thomas Turkette contributed to the
conception and design of the study, acquisition of data, or its analysis and interpretation; all authors participated
in the drafting of the article and its revision; and all authors approved the final version to be published.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

INS insulin;
IR insulin receptor;
T1DM type 1 diabetes mellitus;
T2DM type 2 diabetes mellitus;
DMEM Dulbecco’s modified Eagles growth medium

References

1. Bergman, B.C.; Howard, D.; Schauer, I.E.; Maahs, D.M.; Snell-Bergeon, J.K.; Clement, T.W.; Eckel, R.H.;
Perreault, L.; Rewers, M. The importance of palmitoleic acid to adipocyte insulin resistance and whole-body
insulin sensitivity in type 1 diabetes. J. Clin. Endocrinol. Metab. 2013, 98, E40–E50. [CrossRef] [PubMed]

2. Schauer, I.E.; Snell-Bergeon, J.K.; Bergman, B.C.; Maahs, D.M.; Kretowski, A.; Eckel, R.H.; Rewers, M. Insulin
resistance, defective insulin-mediated fatty acid suppression, and coronary artery calcification in subjects
with and without type 1 diabetes, the CACTI study. Diabetes 2011, 60, 306–314. [CrossRef] [PubMed]

3. Polsky, S.; Ellis, S.L. Obesity, insulin resistance, and type 1 diabetes mellitus. Curr. Opin. Endocrinol. Diabetes
Obes. 2015, 22, 277–282. [CrossRef] [PubMed]

4. Petersen, K.F.; Shulman, G.I. Etiology of insulin resistance. Am. J. Med. 2006, 119, S10–S16. [CrossRef]
[PubMed]

5. Kershaw, E.E.; Flier, J.S. Adipose tissue as an endocrine organ. J. Clin. Endocrinol. Metab. 2004, 89, 2548–2556.
[CrossRef] [PubMed]

6. Park, H.K.; Ahima, R.S. Physiology of leptin: Energy homeostasis, neuroendocrine function and metabolism.
Metabolism 2015, 64, 24–34. [CrossRef] [PubMed]

7. Díez, J.J.; Iglesias, P. The role of the novel adipocyte-derived hormone adiponectin in human disease.
Eur. J. Endocrinol. 2003, 148, 293–300. [CrossRef] [PubMed]

8. Qatanani, M.; Lazar, M. Mechanisms of obesity-associated insulin resistance, many choices on the menu.
Genes Dev. 2007, 21, 1443–1455. [CrossRef] [PubMed]

9. Hotamisligil, G.S. Inflammatory pathways and insulin action. Int. J. Obes. Relat. Metab. Disord. 2003, 27,
S53–S55. [CrossRef] [PubMed]

10. Gao, Z.; Hwang, D.; Bataille, F.; Lefevre, M.; York, D.; Quon, M.J.; Ye, J. Serine phosphorylation of insulin
receptor substrate 1 by inhibitor kappa B kinase complex. J. Biol. Chem. 2002, 277, 48115–48121. [CrossRef]
[PubMed]

11. Evans, J.L.; Goldfine, I.D.; Maddux, B.A.; Grodsky, G.M. Are oxidative stress-activated signaling pathways
mediators of insulin resistance and β-cell dysfunction? Diabetes 2003, 52, 1–8. [CrossRef] [PubMed]

12. Montgomery, M.K.; Turner, N. Mitochondrial dysfunction and insulin resistance, an update. Endocr. Connect.
2015, 41, R1–R15. [CrossRef] [PubMed]

13. Hummasti, S.; Hotamisligil, G.S. Endoplasmic reticulum stress and Inflammation in obesity and diabetes.
Circ. Res. 2010, 107, 579–591. [CrossRef] [PubMed]

14. Mortensen, H.B. Glycated hemoglobin. Reaction and biokinetic studies. Clinical application of hemoglobin
A1C in the assessment of metabolic control in children with diabetes mellitus. Dan. Med. Bull. 1985, 32,
309–328. [PubMed]

http://dx.doi.org/10.1210/jc.2012-2892
http://www.ncbi.nlm.nih.gov/pubmed/23150678
http://dx.doi.org/10.2337/db10-0328
http://www.ncbi.nlm.nih.gov/pubmed/20978091
http://dx.doi.org/10.1097/MED.0000000000000170
http://www.ncbi.nlm.nih.gov/pubmed/26087341
http://dx.doi.org/10.1016/j.amjmed.2006.01.009
http://www.ncbi.nlm.nih.gov/pubmed/16563942
http://dx.doi.org/10.1210/jc.2004-0395
http://www.ncbi.nlm.nih.gov/pubmed/15181022
http://dx.doi.org/10.1016/j.metabol.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25199978
http://dx.doi.org/10.1530/eje.0.1480293
http://www.ncbi.nlm.nih.gov/pubmed/12611609
http://dx.doi.org/10.1101/gad.1550907
http://www.ncbi.nlm.nih.gov/pubmed/17575046
http://dx.doi.org/10.1038/sj.ijo.0802502
http://www.ncbi.nlm.nih.gov/pubmed/14704746
http://dx.doi.org/10.1074/jbc.M209459200
http://www.ncbi.nlm.nih.gov/pubmed/12351658
http://dx.doi.org/10.2337/diabetes.52.1.1
http://www.ncbi.nlm.nih.gov/pubmed/12502486
http://dx.doi.org/10.1530/EC-14-0092
http://www.ncbi.nlm.nih.gov/pubmed/25385852
http://dx.doi.org/10.1161/CIRCRESAHA.110.225698
http://www.ncbi.nlm.nih.gov/pubmed/20814028
http://www.ncbi.nlm.nih.gov/pubmed/3908003


Int. J. Mol. Sci. 2017, 18, 2602 18 of 19

15. Kim, M.K.; Yun, K.J.; Kwon, H.S.; Baek, K.H.; Song, K.H. Discordance in the levels of hemoglobin A1C and
glycated albumin, calculation of the glycation gap based on glycated albumin level. J. Diabetes Complicat.
2015, 30, 477–481. [CrossRef] [PubMed]

16. Zhang, Q.; Monroe, M.E.; Schepmoes, A.A.; Clauss, T.R.; Gritsenko, M.A.; Meng, D.; Petyuk, V.A.; Smith, R.D.;
Metz, T.O. Comprehensive identification of glycated peptides and their glycation motifs in plasma and
erythrocytes of control and diabetic subjects. J. Proteome Res. 2011, 10, 3076–3088. [CrossRef] [PubMed]

17. Priego-Capote, F.; Ramirez-Boo, M.; Hoogland, C.; Scherl, A.; Mueller, M.; Lisacek, F.; Sanchez, J.C. Human
hemolysate glycated proteome. Anal. Chem. 2011, 83, 5673–5680. [CrossRef] [PubMed]

18. Kobayashi, H.; Abe, M.; Yoshida, Y.; Suzuki, H.; Maruyama, N.; Okada, K. Glycated albumin versus glycated
hemoglobin as a glycemic indicator in diabetic patients on peritoneal dialysis. Int. J. Mol. Sci. 2016, 17, 619.
[CrossRef] [PubMed]

19. Ghosh, P.; Sahoo, R.; Vaidya, A.; Cantel, S.; Kavishwar, A.; Goldfine, A.; Herring, N.; Bry, L.; Chorev, M.;
Halperin, J.A. A specific and sensitive assay for blood levels of glycated CD59, a novel biomarker for diabetes.
Am. J. Hematol. 2013, 88, 670–676. [CrossRef]

20. Dev, K.; Sharma, S.B.; Garg, S.; Aggarwal, A.; Madhu, S.V. Glycated apolipoprotein B-A surrogate marker of
subclinical atherosclerosis. Diabetes Metab. Syndr. 2015, 10, 78–81. [CrossRef] [PubMed]

21. Abraham, E.C.; Huaqian, J.; Aziz, A.; Kumarasamy, A.; Datta, P. Role of the specifically targeted lysine
residues in the glycation dependent loss of chaperone activity of α A- and α B-crystallins. Mol. Cell. Biochem.
2008, 310, 235–239. [CrossRef] [PubMed]

22. Nedić, O.; Lagundžin, D.; Masnikosa, R. Posttranslational modifications of the insulin-like growth
factor-binding protein 3 in patients with type 2 diabetes mellitus assessed by affinity chromatography.
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2012, 904, 93–98. [CrossRef] [PubMed]

23. Miyata, T.; Inagi, R.; Wada, Y.; Ueda, Y.; Iida, Y.; Takahashi, M.; Taniguchi, N.; Maeda, K. Glycation of human
β 2-microglobulin in patients with hemodialysis-associated amyloidosis, identification of the glycated sites.
Biochemistry 1994, 33, 12215–12221. [CrossRef] [PubMed]

24. Hoshi, A.; Takahashi, M.; Fujii, J.; Myint, T.; Kaneto, H.; Suzuki, K.; Yamasaki, Y.; Kamada, T.; Taniguchi, N.
Glycation and inactivation of sorbitol dehydrogenase in normal and diabetic rats. Biochem. J. 1996, 318,
119–123. [CrossRef] [PubMed]

25. Karim, L.; Tang, S.Y.; Sroga, G.E.; Vashishth, D. Differences in non-enzymatic glycation and collagen
cross-links between human cortical and cancellous bone. Osteoporos. Int. 2013, 24, 2441–2447. [CrossRef]
[PubMed]

26. Blakytny, R.; Harding, J.J. Glycation non-enzymic glycosylation inactivates glutathione reductase. Biochem. J.
1992, 288, 303–307. [CrossRef] [PubMed]

27. Sztanke, K.; Pasternak, K. The Maillard reaction and its consequences for a living body. Ann. Univ. Mariae
Curie Sklodowska Med. 2003, 58, 159–162. [PubMed]

28. O’Harte, F.P.; Højrup, P.; Barnett, C.R.; Flatt, P.R. Identification of the site of glycation of human insulin.
Peptides 1996, 17, 1323–1330. [CrossRef]

29. McKillop, A.M.; Meade, A.; Flatt, P.R.; O’Harte, F.P. Evaluation of the sites of glycation in human proinsulin
by ion-trap LCQ electrospray ionization mass spectrometry. Regul. Pept. 2003, 113, 1–8. [CrossRef]

30. Farah, M.A.; Bose, S.; Lee, J.H.; Jung, H.C.; Kim, Y. Analysis of glycated insulin by MALDI-TOF mass
spectrometry. Biochim. Biophys. Acta 2005, 1725, 269–282. [CrossRef] [PubMed]

31. Guedes, S.; Vitorino, R.; Domingues, M.R.; Amado, F.; Domingues, P. Mass spectrometry characterization
of the glycation sites of bovine insulin by tandem mass spectrometry. J. Am. Soc. Mass Spectrom. 2009, 20,
1319–1326. [CrossRef] [PubMed]

32. Anzenbacher, P.; Kalous, V. Binding of D-glucose to insulin. Biochim. Biophys. Acta 1975, 386, 603–607.
[CrossRef]

33. Kalous, V.; Anzenbacher, P. On the mechanism of the insulin-glucose interactions. Acta Diabetol. Lat. 1979,
16, 169–174. [CrossRef] [PubMed]

34. Zoete, V.; Meuwly, M.; Karplus, M. Investigation of glucose binding sites on insulin. Proteins 2004, 55,
568–581. [CrossRef] [PubMed]

35. Falconi, M.; Bozzi, M.; Paci, M.; Raudino, A.; Purrello, R.; Cambria, A.; Sette, M.; Cambria, M.T. Spectroscopic
and molecular dynamics simulation studies of the interaction of insulin with glucose. Int. J. Biol. Macromol.
2001, 29, 161–168. [CrossRef]

http://dx.doi.org/10.1016/j.jdiacomp.2015.12.022
http://www.ncbi.nlm.nih.gov/pubmed/26803475
http://dx.doi.org/10.1021/pr200040j
http://www.ncbi.nlm.nih.gov/pubmed/21612289
http://dx.doi.org/10.1021/ac200864b
http://www.ncbi.nlm.nih.gov/pubmed/21630644
http://dx.doi.org/10.3390/ijms17050619
http://www.ncbi.nlm.nih.gov/pubmed/27120597
http://dx.doi.org/10.1002/ajh.23478
http://dx.doi.org/10.1016/j.dsx.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26614298
http://dx.doi.org/10.1007/s11010-007-9685-1
http://www.ncbi.nlm.nih.gov/pubmed/18158587
http://dx.doi.org/10.1016/j.jchromb.2012.07.028
http://www.ncbi.nlm.nih.gov/pubmed/22884472
http://dx.doi.org/10.1021/bi00206a026
http://www.ncbi.nlm.nih.gov/pubmed/7918443
http://dx.doi.org/10.1042/bj3180119
http://www.ncbi.nlm.nih.gov/pubmed/8761460
http://dx.doi.org/10.1007/s00198-013-2319-4
http://www.ncbi.nlm.nih.gov/pubmed/23471564
http://dx.doi.org/10.1042/bj2880303
http://www.ncbi.nlm.nih.gov/pubmed/1445275
http://www.ncbi.nlm.nih.gov/pubmed/15323185
http://dx.doi.org/10.1016/S0196-9781(96)00231-8
http://dx.doi.org/10.1016/S0167-0115(02)00292-6
http://dx.doi.org/10.1016/j.bbagen.2005.05.028
http://www.ncbi.nlm.nih.gov/pubmed/16165279
http://dx.doi.org/10.1016/j.jasms.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19369093
http://dx.doi.org/10.1016/0005-2795(75)90303-7
http://dx.doi.org/10.1007/BF02581096
http://www.ncbi.nlm.nih.gov/pubmed/484165
http://dx.doi.org/10.1002/prot.20071
http://www.ncbi.nlm.nih.gov/pubmed/15103621
http://dx.doi.org/10.1016/S0141-8130(01)00157-X


Int. J. Mol. Sci. 2017, 18, 2602 19 of 19

36. Cheng, R.Z.; Kawakishi, S. Site-specific oxidation of histidine residues in glycated insulin mediated by Cu2+.
Eur. J. Biochem. 1994, 223, 759–764. [CrossRef] [PubMed]

37. Mastrocola, R.; Nigro, D.; Chiazza, F.; Medana, C.; Dal Bello, F.; Boccuzzi, G.; Collino, M.; Aragno, M.
Fructose-derived advanced glycation end-products drive lipogenesis and skeletal muscle reprogramming
via SREBP-1c dysregulation in mice. Free Radic. Biol. Med. 2016, 91, 224–235. [CrossRef] [PubMed]

38. Root-Bernstein, R.S. Molecular complementarity III. Molecular complementarity as the basis for peptide
hormone evolution: A bioinformatic case study of insulin, glucagon band gastrin. J. Theor. Biol. 2002, 218,
71–84. [CrossRef] [PubMed]

39. Root-Bernstein, R.S. Peptide self-aggregation and peptide complementarity as bases for the evolution of
peptide receptors, a review. J. Mol. Recognit. 2005, 18, 40–49. [CrossRef] [PubMed]

40. Root-Bernstein, R.S.; Vonck, J. The insulin receptor binds glucose altering the mutual affinity of insulin for
its receptor. Cell. Mol. Life Sci. 2009, 66, 2721–2732. [CrossRef] [PubMed]

41. Root-Bernstein, R.S.; Vonck, J. Modularity in receptor evolution. Insulin- and glucagon-like peptide modules
as binding sites for insulin and glucose in the insulin receptor. J. Recept. Ligand Channel Res. 2010, 3, 87–96.
[CrossRef]

42. Alavi, P.; Yousefi, R.; Amirghofran, S.; Karbalaei-Heidari, H.R.; Moosavi-Movahedi, A.A. Structural analysis
and aggregation propensity of reduced and nonreduced glycated insulin adducts. Appl. Biochem. Biotechnol.
2013, 170, 623–638. [CrossRef] [PubMed]

43. Abdel-Wahab, Y.H.; O’Harte, F.P.; Boyd, A.C.; Barnett, C.R.; Flatt, P.R. Glycation of insulin results in reduced
biological activity in mice. Acta Diabetol. 1997, 34, 265–270. [CrossRef] [PubMed]

44. McKillop, A.M.; Abdel-Wahab, Y.H.; Mooney, M.H.; O’Harte, F.P.; Flatt, P.R. Secretion of glycated insulin
from pancreatic β-cells in diabetes represents a novel aspect of β-cell dysfunction and glucose toxicity.
Diabetes Metab. 2002, 28, S61–S69.

45. Yu, B.; Caspar, D.L. Structure of cubic insulin crystals in glucose solutions. Biophys. J. 1998, 74, 616–622. [CrossRef]
46. Hunter, S.J.; Boyd, A.C.; O’Harte, F.P.; McKillop, A.M.; Wiggam, M.I.; Mooney, M.H.; McCluskey, J.T.;

Lindsay, J.R.; Ennis, C.N.; Gamble, R.; et al. Demonstration of glycated insulin in human diabetic plasma
and decreased biological activity assessed by euglycemic-hyperinsulinemic clamp technique in humans.
Diabetes 2003, 52, 492–498. [CrossRef] [PubMed]

47. Jacobs, S.; Cuatrecasas, P. Insulin receptors. Ann. Rev. Pharmacol. Toxicol. 1983, 23, 461–479. [CrossRef]
[PubMed]

48. Robertson, R.P.; Olson, L.K.; Zhang, H.J. Differentiating glucose toxicity from glucose desensitization, a new
message from the insulin gene. Diabetes 1994, 43, 1085–1089. [CrossRef] [PubMed]

49. Root-Bernstein, R.S.; Busik, J.; Henry, D. Are diabetic neuropathy, retinopathy, and nephropathy caused
by hyperglycemic exclusion of ascorbate uptake by glucose transporters? J. Theor. Biol. 2002, 216, 345–359.
[CrossRef] [PubMed]

50. Root-Bernstein, R. An insulin-like modular basis for the evolution of glucose transporters GLUT with
implications for diabetes. Evol. Bioinform. Online 2007, 3, 317–331. [CrossRef] [PubMed]

51. Abdel-Wahab, Y.H.; O’Harte, F.P.; Mooney, M.H.; Barnett, C.R.; Flatt, P.R. Vitamin C supplementation
decreases insulin glycation and improves glucose homeostasis in obese hyperglycemic ob/ob mice.
Metabolism 2002, 51, 514–517. [CrossRef] [PubMed]

52. Ajiboye, R.; Harding, J.J. The non-enzymic glycosylation of bovine lens proteins by glucosamine and its
inhibition by aspirin, ibuprofen and glutathione. Exp. Eye Res. 1989, 49, 31–41. [CrossRef]

53. Mirmiranpour, H.; Khaghani, S.; Bathaie, S.Z.; Nakhjavani, M.; Kebriaeezadeh, A.; Ebadi, M.;
Gerayesh-Nejad, S.; Zangooei, M. The preventive effect of l-lysine on lysozyme glycation in type 2 diabetes.
Acta Med. Iran. 2016, 54, 24–31. [PubMed]

54. Chen, L.; Jia, R.-H.; Qiu, C.-J.; Ding, G. Hyperglycemia inhibits the uptake of dehydroascorbate in tubular
epithelial cell. Am. J. Nephrol. 2005, 25, 459–465. [CrossRef] [PubMed]

55. Song, F.; Schmidt, A.M. Glycation and insulin resistance, novel mechanisms and unique targets?
Arterioscler. Thromb. Vasc. Biol. 2012, 32, 1760–1765. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1432-1033.1994.tb19050.x
http://www.ncbi.nlm.nih.gov/pubmed/8055951
http://dx.doi.org/10.1016/j.freeradbiomed.2015.12.022
http://www.ncbi.nlm.nih.gov/pubmed/26721591
http://dx.doi.org/10.1006/jtbi.2002.3056
http://www.ncbi.nlm.nih.gov/pubmed/12297071
http://dx.doi.org/10.1002/jmr.690
http://www.ncbi.nlm.nih.gov/pubmed/15384177
http://dx.doi.org/10.1007/s00018-009-0065-8
http://www.ncbi.nlm.nih.gov/pubmed/19554259
http://dx.doi.org/10.2147/JRLCR.S6737
http://dx.doi.org/10.1007/s12010-013-0207-1
http://www.ncbi.nlm.nih.gov/pubmed/23584594
http://dx.doi.org/10.1007/s005920050086
http://www.ncbi.nlm.nih.gov/pubmed/9451470
http://dx.doi.org/10.1016/S0006-3495(98)77820-8
http://dx.doi.org/10.2337/diabetes.52.2.492
http://www.ncbi.nlm.nih.gov/pubmed/12540626
http://dx.doi.org/10.1146/annurev.pa.23.040183.002333
http://www.ncbi.nlm.nih.gov/pubmed/6307127
http://dx.doi.org/10.2337/diab.43.9.1085
http://www.ncbi.nlm.nih.gov/pubmed/8070607
http://dx.doi.org/10.1006/jtbi.2002.2535
http://www.ncbi.nlm.nih.gov/pubmed/12183123
http://dx.doi.org/10.1177/117693430700300022
http://www.ncbi.nlm.nih.gov/pubmed/19430606
http://dx.doi.org/10.1053/meta.2002.30528
http://www.ncbi.nlm.nih.gov/pubmed/11912563
http://dx.doi.org/10.1016/0014-4835(89)90073-0
http://www.ncbi.nlm.nih.gov/pubmed/26853287
http://dx.doi.org/10.1159/000087853
http://www.ncbi.nlm.nih.gov/pubmed/16118484
http://dx.doi.org/10.1161/ATVBAHA.111.241877
http://www.ncbi.nlm.nih.gov/pubmed/22815341
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Insulin Receptor Peptides 
	Mass Spectrometry 
	Insulin-HRP Binding to IR Peptides 
	Effect of Glycation of Insulin-HRP Binding to Peptides 
	Effect of Glycation of Insulin Receptor on Insulin Binding 

	Conclusions 

