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Abstract: Hemoglobin glycation is due to the prolonged exposure to hyperglycemia resulting from defects in
insulin secretion. Ketoacidosis is another complication associated with insulin deficiency in diabetes mellitus.
Furthermore, it was recently demonstrated that glycation occurs in vitro with bicarbonyl compounds derived
from fatty acid oxidation. To study the relationship between the glycation of hemoglobin and diabetic
ketoacidosis, we tested the in vitro formation of HbA1  by acetone and -hydroxibutirate. Incubations wereC

carried out with four groups of hemoglobin samples: glucose (Group 1), acetone (Group 2), -hydroxibutirate
(Group 3) and glucose plus acetone (Group 4). Concentrations of HbA1  were detected by turbidimetricC

inhibition immunoassay using specific HbA1  antibodies and by fluorescence testing using four pairs of filters:C

excitation 320/emission 460; excitation 355/emission 460; excitation 320/emission 538 and excitation 485/emission
538. HbA1  was produced in hemoglobin samples incubated with acetone and -hydroxibutirate alone,C

suggesting that HbA1  can be non-enzymatically formed in vitro from ketone bodies in the absence of reducingC

sugars, providing evidence that ketone bodies contribute to the development of complications of type 1
diabetes. In addition, results from the comparison of the antiglycating agents showed that glycylglycine
potently inhibits HbA1  formation. A significant unexpected observation emerged when ketone bodies relatedC

samples increased the fluorescent intensity even more so than the classic glycated samples caused by glucose.
The chemical structures of these unknown fluorescent compounds remain to be investigated.
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INTRODUCTION on the N-terminal valine of the  chains [7]. However,

Glycation or the Maillard reaction is a non-enzymatic glycated [8]. About 5% of the red blood pigment
glycosylation that occurs when proteins are exposed to hemoglobin  is  covalently  linked  to glucose [9]. HbA1,
elevated concentrations of carbohydrates [1]. It is or glycosylated hemoglobins are chromatographically
initiated with the nucleophilic addition of a protein amino distinct minor components which are more negatively
group to the aldehyde group of a reducing sugar, charged than the original HbA [10]. The three forms of
producing a stable imine known as a Schiff base [2]. glycated  hemoglobin,  HbA1a,  HbA1b and HbA1 ,
Afterwards, the imine is rearranged to yield the more which collectively comprise HbA1, are termed according
stable early glycosylation products called Amadori to the order of elution using chromatography [11].
products [3]. Then, highly reactive carbonyl or dicarbonyl Approximately 80% of HbA1 is HbA1  [12]. As an
groups such as glyoxal and methylglyoxal are produced important indicator of the glycemic status, levels of
after the self-rearrangements of the Amadori products [4], HbA1  can rise to more than 14% of the total hemoglobin
leading to the formation of cross-linked proteins [5]. in diabetic patients [13].
Although  several  pentoses  and  hexoses  can be used On the other hand, ketoacidosis is a serious diabetic-
as  initiators  of  the  Maillard reaction, it is believed that related condition caused by the buildup of by-products of
at  least  one  carbohydrate is involved in protein fat metabolism [14]. It occurs when diabetic patients lack
glycation [6]. sufficient insulin and consequently, glucose is not

Hemoglobin is one of the most important proteins in available  as  an  energy  source,  for  which  fatty acids
the circulatory  system. Its glycation takes place mostly are   converted    to    ketone   bodies   ( -hydroxibutirate,

other aminoacids on  chains or  chains can also be

C

C

C
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acetoacetate  and acetone), which may decrease arterial In vitro glycation of hemoglobin: Four groups of samples
pH levels to less than 7.15 in severe diabetic ketoacidosis
[15]. This conversion also takes place when the human
body is found in a starvation mode [16]. Additionally,
dicarbonyl compounds derived from lipids modify
proteins by lipoxidation reactions leading to the
production of advanced glycation end products [17],
meaning that elevated levels of ketone bodies and
consequently carbonyl stress can modify proteins by
glycation.

Another  task  of the present study was to analyze
the effect of some inhibitors on in vitro hemoglobin
glycation produced by ketone bodies. Several studies
have shown that the chemical inhibition of hemoglobin
inhibition  helps  attenuate  diabetic  complications [18].
A wide number of antiglycating agents have been
reported including pyridoxamine [19], biguanides [20],
vitamins [21] and other substances. Aminoguanidine [22]
and polyamines [23] have proven to be potent advanced
glycation inhibitors preventing protein cross-linking.
Previous studies also suggested that some of the
aminoacids and their derivates may have antiglycating
properties [24]. Furthermore, recent observations in our
laboratory suggested that urea is a natural regulator of
protein glycation [25]. Here, glycylglycine, urea and
polyamines were used as inhibitors of hemoglobin
glycation in the test, as do the other substances.

MATERIALS AND METHODS

Reagents: Freeze-dried bovine hemoglobin was
purchased from Difco (catalogue No. 212392); acetone
99.6% was purchased from J. T. Baker Inc. (Phillipsburg,
N. J., USA), D(+)glucose, -hydroxibutirate, glycine,
glycylglycine, aminoguanidine hydrochloride, urea,
putrescine dihydrochloride, cadaverine dihydrochloride,
spermidine trihydrochloride, spermine tetrahydrochloride
and sodium phosphate salts were purchased from Sigma
(St. Louis MO, USA).

Preparation of solutions: The following solutions were
prepared:  0.1  g  ml  hemoglobin; 35 mM D(+)glucose;1

1.5  mg ml  acetone; 1.5 mg ml -hydroxibutirate; 201 1

mM aminoguanidine; 20 mM urea. The hemoglobin,
D(+)glucose, acetone and -hydroxibutirate solutions
were prepared in 0.2 M phosphate buffer solution at pH
7.4; glycine, glycylglycine, aminoguanidine, urea,
putrescine, cadaverine, spermidine, spermine were
dissolved in distilled water. Phosphate buffer solution
was prepared from their respective phosphate sodium
salts.

were prepared by combining the same volume of
hemoglobin 0.1 g ml  with 35 mM D(+)glucose (Group 1),1

acetone 1.5 mg ml  (Group 2), -hydroxibutirate 1.5 mg1

ml (Group 3), D(+)glucose with acetone (Group 4) and1

any of the studied inhibitors. For the control, distilled
water was used instead of the studied agents. All
incubations were performed at 37°C for 90 days under
dark conditions after sterile filtration through a 0.22 µm
filter (Millex), according to previous observations [26].

The samples were deoxygenated by perfusion with
nitrogen and kept in capped tubes (Axygen Scientific). At
the end of incubation period, samples were diluted 5, 10,
15, 20 or 25 times in a phosphate buffer solution. Samples
were lyophilized in a Heto FD 4 lyophilizer and stored in
refrigeration until processing. The lyophilized samples
were reconstituted with distilled water for the turbidimetric
inhibition  immunoassay  and  fluorometer analysis after
a period of no longer than a week.

Turbidimetricinhibition immunoassay: Ligand inhibition
and glycated hemoglobin (HbA1 ) determination wasC

based on the turbidimetric inhibition immunoassay
performed with Roche analyzer ACN 803. Briefly, two
reagents were applied in this immunoassay as described
in the literature [27]. Reagent 1 contained 2-
morpholinoethane sulfonic acid buffer 0.025 mol L ,1

tris(hydroxymethyl)-aminomethane buffer 0.015 mol L ,1

HbA1 antibody (ovine serum) = 0.5 mg ml  andC
1

stabilizers; Reagent 1 contained 2-morpholinoethane
sulfonic acid buffer 0.025 mol L , tris(hydroxymethyl)-1

aminomethane buffer 0.015 mol L , HbA1  polyhapten =1
C

8 µg ml  and stabilizers. Firstly, HbA1  in the prepared1
C

samples reacted with anti-HbA1  antibody (reagent 1),C

producing soluble antigen-antibody complexes. Complex
formations did not take place with other molecules since
the HbA1  antibody is specific for the HbA1  molecule.C C

After that, the addition of polyhaptens (reagent 2)
eliminated the excess anti-HbA1  antibodies yielding anC

insoluble antibody-polyhapten complex which can be
determined turbidimetrically. The immunoreactivity of
each sample was read by a Roche analyzer and an
automatic calculation was done via the correction formula:
%HbA1  = (87.6 ×HbA1  [g dL ]/Hb[g dL ])+2.27. TheC C

1 1

results were expressed as percentages of HbA1 .C

Expected  values  for metabolically healthy patients are
4.8-5.9% HbA1  using this method [28].C

Fluorometer analysis: Samples with major inhibitory
effects in the previous turbidimetric inhibition
immunoassay   study   were   selected   for   fluorescence
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Fig. 1: Results of turbidimetric inhibition immunoassay are expressed in %HbA1 . Samples were divided into four groupsC

according to the reducing sugar (glucose) or ketonic body which was used to initiate the glycation process.
Group 1 (A): D(+)glucose 35 mM, Group 2 (B): acetone 1.5 mg ml , Group 3 (C): -hydroxibutirate 1.5 mg ml ,1 1

Group 4 (D): D(+)glucose and acetone. No inhibitors were used in control samples. Data are means±SD

measuring. All of these samples were diluted 5, 10, 15, 20 study  the  glycation of hemoglobin under the influence
or 25 times in a phosphate buffer solution before the test. of  ketone  bodies. The incubations with D(+)glucose
Relative fluorescence was determined at 21.4°C in a were  also carried out in order to compare with the effect
Fluoroskan Ascent FL 2.2. The program version used was of ketone bodies. Equimolar concentrations of eight
Ascent Software 2.4.1. Results of fluorescence detection inhibitors were used to investigate their efficiency to
were compared per group. prevent hemoglobin glycation from ketone bodies.

RESULTS using a turbidimetric inhibition test. Results of the

Hemoglobin  samples  incubated   with   acetone  or We first compared %HbA1  in the control samples
-hydroxibutirate  at  37°C  for  90 days were used to based  on the ketone bodies or reducing sugar used in the

%HbA1 in each sample was immunologically assayedC

immunoassay are shown in Fig. 1.
C
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Fig. 2: Fluorescent intensity of glycated hemoglobin (HbA1 ) samples using excitation 320/emission 460 as the pair ofC

fluorescent filters. The incubations were carried out in 0.2 M sodium phosphate buffer 7.4 at 37°C for 90 days.
Dilutions of all samples on the x-axis were 1:5, 1:10, 1:15, 1:20 and 1:25. Fluorescent intensity appears on the y-axis.
Fluorescence curves are established for the control sample and the three samples which demonstrated major
inhibitory effect during previous turbidimetric inhibition immunoassay in each group. Group 1 (A): D(+)glucose
35 mM, Group 2 (B): acetone 1.5 mg ml , Group 3 (C): -hydroxibutirate 1.5 mg ml , Group 4 (D): D(+)glucose1 1

and acetone. No inhibitors were used in control samples. The studied samples were: sample inhibited by urea =
black triangles, by aminoguanidine = black squares, by aminoguanidine = black snowflakes, by putrescine = white
rhombus, by spermine = white triangles, by spermidine = white squares and by glycylglycine = white circles. Black
circles represent the control

hemoglobin glycation. Surprisingly, hemoglobin control (Group 4), except spermidine. It is also important to
samples incubated with ketone bodies alone produced mention that due to the effect of some of these inhibitors,
4.5% HbA1  (with -hydroxibutirate, Group 2) and 5.9% higher concentrations of HbA1  were detected byC

HbA1 (with  acetone,  Group 3) respectively, although immunoassay in comparison to the control sample.C

the glycation of hemoglobin by D(+)glucose (Group 1) Glycation by -hydroxibutirate (Group 2) was the most
represented higher levels (7.9%) of HbA1 . When difficult to be prevented. Glycylglycine, aminoguanidineC

hemoglobin was incubated with both D(+)glucose and and cadaverine are examples that with an increased
acetone (Group 4), 5.1% of HbA1  was detected by %HbA1 in these samples, concentrations of HbA1  inC

immunoassay,  which is even lower than the glycation the samples incubated with acetone (Group 3) reach even
with D(+)glucose or acetone alone. more elevated levels when using glycine and putrescine.

Samples in which the same inhibitor was studied, As the advanced glycation increases protein
demonstrated a great variety depending on the ketone fluorescence producing cross-link advanced glycation
bodies or reducing sugar used in the incubations. Glycine end products, such as vesperlysine [29] and crossline
and urea showed major inhibitory effects on the classic [30],  fluorescence  measurements were developed with
D(+)glucose modified hemoglobin (Group 1), when two of the  samples which represented a major inhibitory effect
the polyamines, putrescine and spermine inhibited in   previous   turbidimetric   inhibition  immunoassay.
glycation by -hydroxibutirate (Group 2) more efficiently. Four different pairs of fluorescence filters (excitation
Both glycylglycine and aminoguanidine were potent 320/emission 460; excitation 355/emission 460; excitation
inhibitors preventing HbA1  formation caused by 320/emission 538; excitation 485/emission 538) were usedC

D(+)glucose (Group 1) or acetone (Group 3). Finally, most to  detect the fluorescence intensity of the control
of the inhibitors showed excellent results for impeding samples and selected samples. Standard curves were
hemoglobin glycation by both D(+)glucose and acetone stabilized  by  the  original  concentration and 5 dilutions

C

C C
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Fig. 3: Fluorescent intensity of glycated hemoglobin (HbA1 ) samples using excitation 355/emission 460 as the pair ofC

fluorescent filters. The incubations were carried out in 0.2 M sodium phosphate buffer 7.4 at 37°C for 90 days.
Dilutions of all samples on the x-axis were 1:5, 1:10, 1:15, 1:20 and 1:25. Fluorescent intensity appears on the y-axis.
Fluorescence curves are established for the control sample and the three samples which demonstrated major
inhibitory effect during previous turbidimetric inhibition immunoassay in each group. Group 1 (A): D(+)glucose
35 mM, Group 2 (B): acetone 1.5 mg ml , Group 3 (C): -hydroxibutirate 1.5 mg ml , Group 4 (D): D(+)glucose1 1

and acetone. No inhibitors were used in control samples. The studied samples were: sample inhibited by urea =
black triangles, by aminoguanidine = black squares, by aminoguanidine = black snowflakes, by putrescine = white
rhombus, by spermine = white triangles, by spermidine = white squares and by glycylglycine = white circles. Black
circles represent the control

using the fluorometer. To quantify fluorophores at DISCUSSION
different  concentrations,  results  from  fluorescence
filters excitation 320/emission 460 and excitation Lipid advanced glycosylation, which was discovered
355/emission  460 are statistically more significant than in vivo in 1993, was termed as a novel pathway for lipid
the other pairs of filters. The fluorescence intensity oxidation [31]. Ketoacidosis, meaning elevation of blood
reached impressive levels when using excitation concentrations of -hydroxibutirate, acetoacetate and
320/emission 460 (Fig. 2). Results from the excitation acetone, which are produced by fatty acid metabolism and
355/emission 460 are also shown in Fig. 3. known as ketone bodies [32], has been related to type 1

Importantly, the most elevated fluorescence intensity diabetes mellitus due to their overproduction when there
was detected in hemoglobin samples glycated by both is insufficient insulin in the blood [33]. Since HbA1  is
D(+)glucose and acetone (Group 4), followed by samples one of the most important markers reflecting long-term
incubated with acetone alone (Group 3). -hydroxibutirate glycemia [34], this study focused on hemoglobin
samples (Group 2) represented the lowest concentrations glycation  under  the influence of elevated levels of
of fluorophores of all groups. Selective samples with ketone bodies.
respective  inhibitors  strongly  prevented the formation We aimed to assess the effect of -hydroxibutirate
of cross-link advanced glycation end products, the and acetone on hemoglobin glycation. Since the only
strongest inhibitor in each group decreased more than available method for quantification of HbA1  is by
50%  of  fluorophore  formation.  Urea inhibited samples immunoassay, we used turbidimetric inhibition
in  Group  4 (with glucose and acetone) demonstrated immunoassay specific for HbA1  in this  test.  Results
over 80% efficiency in comparison with the control from the fluorometer analysis are also reported since all
samples. cross-linked   advanced    glycation    end    products  are

C

C

C
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fluorophores [35]. We studied the modifications of The well-known biguanide inhibitor, aminoguanidine,
hemoglobin directly caused by -hydroxibutirate and is  the first antiglycating drug extensively studied [38].
acetone. Surprisingly,  in samples without reducing We had also examined its inhibitory effect on hemoglobin
sugars (Group 2 and 3), moderate levels of glycated glycation caused by ketone bodies. It seems that
hemoglobin were detected by turbidimetric inhibition aminoguanidine effectively blocks HbA1  formation in
immunoassay using specific HbA1  antibodies. The most of the samples except when hemoglobin wasC

concentrations of HbA1  in these samples did not exceed incubated  with -hydroxibutirate  alone (Group 2). ThisC

the established range for metabolically healthy patients. is in agreement with the fact that biguanide compounds
However, these data strongly support the concept that are  potent  advanced  glycation inhibitors. We also
HbA1 can be non-enzymatically produced in reactions found that the simplest dipeptide, glycylglycine,C

between hemoglobin and ketone bodies in the absence of prevented  hemoglobin   glycation   from  D(+)glucose
carbohydrate. We also observed dramatic decreases in and acetone. In addition, glycine also effectively inhibited
HbA1 levels when both D(+)glucose and acetone were the yield of HbA1  from D(+)glucose, but it significantlyC

used in the hemoglobin samples (Group 4). These findings increased HbA1  concentrations when hemoglobin
suggested the competition between D(+)glucose and glycation was caused by acetone alone. The variety of
acetone  for  hemoglobin,  which  implies  an important inhibitory  effects  represented  in this experiment could
role of ketone bodies as natural glycation regulators in be related  to  the  interaction between ketonic bodies
human blood. and studied inhibitors, which imply some significant

The study of fluorescent intensity provides evidence differences  between  protein glycation by reducing
that more fluorophores were yielded in hemoglobin sugars and ketone bodies.
samples incubated with both D(+)glucose and acetone
(Group 4) than with D(+)glucose or acetone alone (Group CONCLUSIONS
1 and 3), meaning that in addition to the formation of
HbA1 , other fluorescent compounds were produced We have reported here for the first time that in vitroC

during the 90-day-period. The chemical structures of hemoglobin glycation using ketone bodies can take place
these unknown products still need to be studied. The in the absence of carbohydrates, meaning that when
fluorescent intensity in acetone alone samples (Group 3) severe insulin deficiency occurs, free fatty acids may
was slightly elevated than D(+)glucose alone samples undergo conversions in the liver to ketone bodies, not
(Group 1) using the pair of filters excitation 320/emission only as a non-glucose energy source, but also as a
460 and about 1.6 times higher using the pair of filters contributor of protein glycation. Unknown fluorescent
excitation 355/emission 460. Moreover, several studied compounds  might  be  produced by -hydroxibutirate
inhibitors were more effective on reducing fluorescent and acetone during the 90-day-period incubations.
intensity  when used in D(+)glucose alone samples Furthermore,  this  study  provides  evidence of the
(Group 1) than acetone alone samples (Group 3), strongly potent inhibitory effect of glycylglycine as a novel
suggesting that the formation of fluorophores by acetone inhibitor of advanced glycation end products. However,
is more difficult to inhibit. the mechanism of HbA1  formation directly from -

Among the eight inhibitors used in the incubations, hydroxibutirate  and  acetone  is still unknown. We did
we were impressed by the great inhibitory effect of urea not  study  the  effect  of  acetoacetate, but it is known
on hemoglobin glycation. Urea is formed from L-arginine that the keto-enol equilibrium between a keto group and
by arginase in the liver and in extrahepatic tissues [36]. a  hydroxyl  group  in  solution  is  established,  such as
According to our previous studies, L-arginine is an -hydroxibutirate and acetoacetate, strongly suggesting
excellent regulator of hyperglycemia [23] and urea seems that hemoglobin glycation in the test could also be
to be a natural regulator of glycation [25]. These caused by acetoacetate. Other aspects, such as the novel
observations can be explained and reinforced with the role of ketone bodies and urea in the physiological
results from this study. However, elevated levels of urea regulation of protein glycation, remain to be investigated.
in  the blood  causes decreased kidney function known
as azothemia [37]. Although physiologically urea may ACKNOWLEDGMENTS
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