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Abstract

The present study aimed at investigating physicochemical changes in modified LDL by sugars spe-
cifically fructose due to recent reports on its involvement in cardiovascular diseases and also glu-
cose and their role in subsequent in vitro accumulation of cholesterol in macrophages. Antiglyca-
tion action of aminoguanidine was also investigated. LDL isolated from human blood was incu-
bated with fructose or glucose and aminoguanidine where indicated. The physicochemical changes
in modified LDL were detected by electrophoretic, spectroscopic and chemical analysis. Accumula-
tion of cholesterol and its inhibiton in human monocyte-derived macrophages incubated with
modified LDL was determined by HPLC. Results showed increased relative electrophoretic mobili-
ty, hyperchromicity at 280 nm, development of AGE fluorescence, decrease in free amino groups
and increased carbonyl content in glycated LDL as compared to native LDL. Also total cholesterol
accumulated in macrophages was more for glycated LDL as compared to native LDL. The magni-
tude of changes was more prominent in case of fructose as compared to glucose. Aminoguanidine
showed remarkable restriction of glycation-induced alterations in LDL and also in accumulation of
cholesterol in macrophages. The study thus proclaims that LDL-AGEs formed by fructose may con-
tribute to accelerated initiation of diabetes induced atherosclerosis via foam cells generation and
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aminoguanidine may have therapeutic potential against it.
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1. Introduction

Non-enzymatic glycation involves a complex series of sequential reactions between reducing sugars and nuc-
leophilic groups of various biomolecules like proteins, lipids and nucleic acids, giving rise to fluorescent and/or
colored adducts known as AGEs [1]. AGEs, which are also termed as glycotoxins, are well-known triggers of
excess reactive oxygen species and abnormally high oxidative stress. They have been shown to accumulate in the
circulation and in various tissues with normal process of ageing [2] and also under number of pathological con-
ditions like atherosclerosis [3], osteoarthritis, retinopathy [4] and cancer.

Majorly glycation reactions focus on those mediated by glucose (glucation), since glucose is the most abun-
dant monosaccharide in blood and tissues and its levels are elevated remarkably in diabetes [5]. However, recent
years researchers have witnessed a remarkable interest in the glycation reactions mediated by fructose (fructation)
as it is far more reactive than glucose [6]. Local increases in fructose concentrations have been demonstrated in
diabetic-like conditions in peripheral nerves, blood vessels and erythrocytes [7].

Lipoproteins like other proteins are susceptible to glycation-induced modifications resulting in formation of
highly heterogeneous and complex lipid-AGEs [8] which affect the structural and functional attributes of lipo-
proteins [9]. Glycation reactions have been linked with the development of diabetes-associated cardiovascular
diseases [10]. LDL is referred to as a prime target for oxidative modifications contributing to different processes
that can be considered proatherogenic. This has led to the hypothesis of possible role of LDL-AGEs in increasing
artherosclerotic risk of patients with diabetes and hypercholesterolemia [11]. Metabolic abnormalities associated
with glycation of LDL include diminished recognition of LDL by the classic LDL receptor; increased covalent
binding of LDL in vessel walls; enhanced uptake of LDL by macrophages, thus stimulating foam cell formation;
increased platelet aggregation; formation of LDL-immune complexes; and generation of oxygen free radicals,
resulting in oxidative damage to both the lipid and protein components of LDL [12].

With growing implications of glycation in number of pathological conditions, currently several strategies are
being employed to control glycation. For the present study, AG has been chosen as the inhibitor, which is a
highly reactive nucleophilic reagent that reacts with many biological molecules (pyridoxal phosphate, pyruvate,
glucose etc.). AG is known to efficiently trap dicarbonyl intermediates to form substituted triazines preventing
AGE formation and thus inhibiting many glycation induced chances in different biomolecules [13]. Also some
studies on animals have shown positive effect of AG in retarding the process of glycation [14]. Panagiotopoulos
et al. explored the inhibitory action of AG on accumulation of AGEs and on the development of artherosclerosis.
It was observed in the study on male New Zealand white cross rabbits fed on a high cholesterol diet, that in-
creased doses of AG (25, 50 and 100 mg/kg AG per body weight) prevented AGE accumulation and plaque for-
mation in the aortic arch, thoracic and abdominal aorta in a concentration dependent manner [14].

Recent evidences on LDL-AGEs as a prime link for diabetes-associated cardiovascular diseases have shifted
the focus of glycobiology on studies involving glycation of LDL with different compounds like glucose [15], ri-
bose [16], glycolaldehyde [17], etc. Studies have also shown LDL-AGEs induced accelerated formation of cho-
lesterol-laden foam cells which play a critical role in disease development [18]. Also the antagonistic role of
various compounds like carnosine against LDL glycation and in turn preventing foam cell formation has been
investigated [17] [19]. However, to best of our knowledge, none have been performed by using fructose and
aminoguanidine.

Thus on the basis of above explanations, the present study focuses on examining the physicochemical changes
due to in vitro treatment of LDL with glucose or fructose. The possible inhibitory effect of AG on physicochem-
ical changes in glycated LDL and also on its in vitro accumulation of cholesterol in HMDM will also be investi-

gated.
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2. Materials and Methods
2.1. Materials

All the chemicals used during the study like D-glucose, D-fructose, AG, DETAPAC, TNBS, DNPH as well as
salts for PBS were procured from Sigma Aldrich (St Louis MO, USA). Precast 1% agarose gels and PD10 col-
umns were purchased from Helena Laboratories (Mt. Waverly, Vic). All chemicals were of analytical grade and
all solvents of HPLC grade. Solutions were prepared using Nanopure water (Milli Q system, Millipore-Waters,
Lane Cove, Australia).

2.2. In Vitro Glycation of LDL with Glucose and Fructose

LDL was isolated from healthy volunteers with normal basal metabolic rate and between age group of 25 - 32
years old working in HIMSR, Jamia Hamdard with normoglycaemic and normolipidaemic profiles [18]. Blood
was collected after taking approval from the Jamia Hamdard Ethics and Research Committee as well as signed
informed consent from the volunteers. Purified LDL (1 mg/ml) in 100 mM PBS, pH 7.2 was incubated with
fructose or glucose at a final concentration of 25 mM. Where indicated 25 uM AG was included. The mixtures
were sterilized by filtration through a 0.2 um pore-size nitrocellulose filter and then incubated at 37°C for 21
days under sterile aerobic conditions. LDL incubated with 25 uM DETAPAC under the same conditions served
as control. The added reagents (DETAPAC, fructose, glucose, AG) were removed post incubation by PD10
chromatography.

2.3. Isolation and Culturing of HMDM

Monocytes were isolated from white cell concentrates by counter-current elutriation and then incubated (1 x
10%/ml) in 12-well plates (Costar, Corning, USA) in serum-free RPMI-1640 for 2 hours. The plates were then
washed and adhering cells were incubated (5% CO, and 37°C) in RPMI for 10 days to give HMDM [20].

2.4. Electrophoretic Analysis

Changes in overall LDL particle charge in control as well as treated samples were quantified by electrophoretic
mobility on agarose gels [18].

2.5. Absorbance Measurements

The UV absorption measurements of control LDL and treated samples were obtained by measuring the ultravio-
let absorption profile between the wavelength ranges of 200 - 400 nm on a Shimadzu spectrophotometer using a
cuvette of 1.0 cm pathlength. Three hundred micrograms of samples in a total volume of 1.0 ml was taken for the
analysis.

Percent increase in UV absorbance was calculated to be

| Absorbance (glycated — LDL ) — Absorbance (control - LDL )
- Absorbance (glycated — LDL )

1)

x100

2.6. Fluorescence Measurements

Similarly control sample, sugar incubated samples with or without AG were studied by measuring fluorescence
at 25°C = 0.2°C on a Hitachi F2000 spectrofluorometer (Tokyo, Japan). The samples were excited at 370 nm ex-
citation and an emission was recorded in the range of 350 - 500 nm. The development of AGE fluorescence of
treated samples was recorded with emission at 450 nm.

Percent AGE fluorescence was calculated to be

_ | AGE Flourescence(glycated — LDL ) — AGE Flourescence( control —LDL )
- AGE Flourescence(glycated - LDL)

x100 @)
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2.7. Amino Group Estimation

The amino groups of control and treated samples were determined by the method of Habeeb and Hiramoto [21]
with slight modification. Suitable aliquots of sample were dissolved in 1.0 ml of 0.1 M sodium tetraborate buffer,
pH 9.3, 25 ul of 0.3 M TNBS added and the tubes agitated instantly to ensure complete mixing and allowed to
stand for 30 minutes at room temperature. Absorbance of the yellow colour developed was recorded at 420 nm
against a reagent blank. Glycine was used as a standard amino acid. The results were expressed as total number
of amino groups per molecule of LDL.

2.8. Determination of Protein Bound Carbonyl Groups

Protein-bound carbonyl groups were estimated according to the protocol of Levine et al. by using DNPH. The
samples were read at 379 nm and the results were expressed as the number of nanomoles of carbonyl per mg of
sample LDL using a &7 nm = 22,000 M t-cm™ [22].

2.9. Cellular Cholesterol-Loading Studies

HMDM were exposed to control as well as treated LDL samples (150 pg/ml) in media containing 10% lipo-
protein-deficient serum. After 72 hours, cells were washed with 20 mM PBS and lysed in water. Total cholester-
ol concentration was quantified by HPLC [23].

2.10. Data Analysis

Data analysis was performed using one-way analysis of variance using the Newman-Keuls multiple comparison
test. P < 0.05 was taken as significant.

3. Results and Discussion

In order to compare the physicochemical changes between native LDL and modified LDL (incubated in the ab-
sence as well as presence of AG) electrophoretic, spectroscopic and chemical analysis was carried out.

3.1. Electrophoretic Analysis

Incubation of LDL with 25 mM glucose or fructose resulted in a significant increase in REM and thus indicative
of an overall decrease in positive charge (Table 1). This decrease in charge is more prominent in case of fruc-
tose treated sample as compared to one treated with glucose. On the other hand, presence of 25 uM AG de-
creased particle modification as evident by low REM for samples with sugar + AG in comparison to those with
sugar only (Table 1).

The greater shift in REM observed with sugar treated LDL compared to samples with AG represents the for-
mation of an adduct that contributes to charge modification which is more in case of fructose than in glucose.
This is expected due to high reactivity of fructose [24]. On the other hand, charge modification for samples with
AG was fairly less than samples with only sugars, thus highlighting the ability of AG to prevent formation of

Table 1. Change in LDL particle charge. Overall LDL particle charge was
determined by REM for sugar- modified LDL both in the absence or presence of
AG and that incubated with DETAPAC (control).

SAMPLES REM
Control (LDL + DETAPAC) 1.3+0.2
LDL + Glucose 3.6+0.4"
LDL + Fructose 42+0.4"
LDL + Glucose + AG 21+0.2
LDL + Fructose + AG 2.7+0.4"

Results are means + SEM from 3 - 4 separate experiments each with 3 samples per treatment. “P

< 0.001 compared with control.
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AGEs significantly [25]. AG has been reported to react with sugars and aldehydes and detoxify aldehyde-/sugar-
modified proteins [26].

3.2. Absorbance and Fluorescence Studies

The possible sugar-induced structural changes in the LDL were examined with respect to changes in the chro-
mophoric and fluorophoric properties. In both the parameters, i.e. UV absorbance and fluorescence, an increase
was observed in the sugar-treated samples as compared to the control sample. However, the changes in the spec-
troscopic properties of the samples incubated with sugars along with AG were significantly less as compared to
the sample treated with sugars alone.

3.2.1. UV Absorbance Measurements

The magnitude of hyperchromicity was more in case of fructose (75% + 3) as compared to glucose (65% + 3).
The presence of AG in LDL samples showed small increase in the absorbance, as a mere 15% + 2 hyperchro-
micity in case glucose + AG and 22% + 3 hyperchromicity in case of fructose + AG samples (Figure 1). Percent
hyperchromicity seen in the UV region can be due to sugar induced unfolding of the LDL molecules resulting in
exposure of the chromophoric aromatic residues [27]. The large variations observed in the hyperchromicity
among fructose treated and glucose treated LDL are suggestive of major differences in conformational altera-
tions resulting from sugar-mediated reactions. AG was highly effective in restricting sugar-induced alterations
as evident by marked decrease in the sugar-mediated hyperchromicity in samples were it was included. AG is

90
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Figure 1. Percent Hyperchromicity. Absorbance in UV region was measured for sugar-modified LDL both in absence or
presence of AG and that incubated with DETAPAC (control). LDL (1 mg/ml) was incubated with glucose/fructose (25 mM)
either in the absence or in the presence of aminoguanidine (25 pM) and that incubated DETAPAC was taken as control. In-
cubation was for 21 days at 37°C. Percent hyperchromicity was calculated according to the formula stated in the materials
and methods section (Equation (1)). Results are expressed as the means + SEM from 3 - 4 separate experiments each with 3
samples per treatment. P < 0.05 for glucose + AG and fructose + AG are compared with glucose treated and fructose treated

samples respectively.
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considered as a putative antiglycation agent resulting in prevention of formation of AGEs by reacting rapidly
with a, g-dicarbonyl compounds [28] [29].

3.2.2. Fluorescence Measurements

Development of AGE fluorescence (370 nm excitation/450 nm emission) is a well established measure of pro-
tein glycation/AGE formation [16]. Similar to UV absorbance, the magnitude of new fluorescence developed
was more in case of fructose (83% + 3) as compared to glucose (70% + 2). Also as expected, AG was highly ef-
fective in restricting sugar-induced alterations as samples showed negligible development of new fluorescence.
Percent new fluorescence was 5% + 1 only for both glucose and fructose treated LDL samples in the presence of
AG (Figure 2). Development of AGE fluorescence is attributed to formation of heterogeneous cyclic structures
during the process of glycation which make adducts fluoresce [30]. The fluorophores relative contribution to
AGE fluorescence can vary widely depending on the site and extent of glycation [27]. This is why the percent
development of AGE fluorescence is seen exponentially high in case of fructose as compared to glucose [31].
Modified LDL with AG, however, showed only negligible development of AGE fluorescence thus confirming
antiglycation effect of AG [25].

3.3. Chemical Modifications

The extent of glycation in the treated samples was also determined chemically by estimation of free amino
groups and carbonyl group content. In general the results obtained were complementary to the observations in
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Figure 2. Percent AGE Fluorescence. Development of fluorescence was measured for sugar-modified LDL both in absence
or presence of AG and that incubated with DETAPAC (control). LDL (1 mg/ml) was incubated with glucose/fructose (25
mM) either in the absence or in the presence of aminoguanidine (25 pM) and that incubated DETAPAC was taken as control.
Incubation was for 21 days at 37°C. Percent AGE fluorescence was calculated according to the formula stated in the materials
and methods section (Equation (2)). Results are expressed as the means + SEM from 3 - 4 separate experiments each with 3
samples per treatment. P < 0.05 for glucose + AG and fructose + AG are compared with glucose treated and fructose treated

samples respectively.
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spectroscopic studies and electrophoretic analysis confirming sugar induced LDL glycation in the treated sam-
ples. As compared to the control sample of LDL, a decrease in the free amino groups and an increase in the car-
bonyl content were seen in sugar treated samples. However, marked restriction of chemical modifications of
LDL was seen in samples which had AG along with sugars in them.

3.3.1. Determination of Free Amino Groups

Figure 3 shows the amino groups of native LDL and those in treated samples accessible to reaction with TNBS
under the conditions used. Control LDL revealed about 40 + 2 free amino groups per molecule of LDL whereas
a steep decrease in the free amino groups was seen in LDL treated with glucose (26 + 1 per molecule of LDL)
and fructose (18 + 2 per molecule of LDL). Samples with AG showed less reduction in free amino groups as 35
+ 2 and 32 + 2 amino groups per molecule of LDL in glucose + AG and fructose + AG samples respectively.
Decrease in free amino groups in modified LDL molecules observed is not unexpected since glycation begins
with the reaction of sugars mainly with the free amino groups present of various biomolecules and supports the
earlier observation of Lapolla et al. [32], that exposed amino groups may play an important role in determining
the susceptibility to glycation by the sugars.

3.3.2. Determination of Carbonyl Content

Sugar-treated LDL samples were further analyzed for their carbonyl content by reaction with DNPH. Results are
exhibited in Figure 4. As evident, fructose caused exponential increase in the formation of carbonyl groups in
the LDL molecule as compared to glucose. The carbonyl content was 30.33 + 1.01 nmol'mg* LDL and 22.14 +
1.22 nmol'mg " LDL for fructose and glucose respectively. Carbonyl group content is a consequence of glycation,

45
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Free Amino group (per molecule of LDL)

Figure 3. Free Amino Group Content. Free amino groups were measured for sugar-modified LDL both in absence or pres-
ence of AG and that incubated with DETAPAC (control). LDL (1 mg/ml) was incubated with glucose/fructose (25 mM) ei-
ther in the absence or in the presence of aminoguanidine (25 uM) and that incubated DETAPAC was taken as control. Incu-
bation was for 21 days at 37°C. Results are expressed as the means + SEM from 3 - 4 separate experiments each with 3 sam-
ples per treatment. P < 0.05 for glucose + AG and fructose + AG are compared with glucose treated and fructose treated

samples respectively.
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Figure 4. Total Carbonyl Content. Total carbonyl content was measured for sugar-modified LDL both in absence or presence
of AG and that incubated with DETAPAC (control). LDL (1 mg/ml) was incubated with glucose/fructose (25 mM) either in
the absence or in the presence of aminoguanidine (25 uM) and that incubated DETAPAC was taken as control. Incubation
was for 21 days at 37°C. Results are expressed as the means + SEM from 3 - 4 separate experiments each with 3 samples per
treatment. P < 0.05 for glucose + AG and fructose + AG are compared with glucose treated and fructose treated samples re-
spectively.

thus LDL incubated with DETAPAC alone show negligible carbonyl group content of 5.24 + 0.84 nmol-mg™*
LDL. LDL incubated with respective sugars in the presence of AG showed generation of very small amount of
carbonyl content as 7.12 + 0.77 nmol'mg ' LDL in case of glucose and 8.01 + 0.54 nmol'mg ' LDL in case of
fructose. DNPH is a standard method for detecting carbonyl groups and can be used to follow changes on glyca-
tion of lipoproteins [16]. The carbonyls detected under the conditions are clearly the result of sugar-induced gly-
cation [2], since there is little DNPH-reactivity in the LDL incubated with DETAPAC (control). It is well recog-
nized that carbonyl groups are incorporated in proteins as a consequence of glycation and protein carbonyl content
is considered as a reliable measure of glycation [33]. Also low levels of carbonyl group content in AG treated sam-
ples are again in agreement with previous studies which have identified it as forming discrete adducts with carbonyl
compounds during glycation, confirming its role as true scavenger of carbonyl compounds [13] [26].

3.4. Total Cholesterol Content in HMDM

Incubation of HMDM with sugar treated LDL (150 ug) for 48 hours resulted in a significant accumulation of
cellular cholesterol as evident in Figure 5. In accordance to earlier observations fructose treated LDL resulted in
far more cholesterol accumulation (220 + 4 nmoles/mg cell protein) as compared to glucose treated LDL (170 +
3 nmoles/mg cell protein). However, the samples with AG during the LDL modification phase showed signifi-
cantly low levels of cholesterol accumulation by HMDM as the amount of total cholesterol obtained in case of
glucose + AG (110 + 3 nmoles/mg cell protein) and fructose + AG (116 + 4 nmoles/mg cell protein) was not
significantly different from that of control (95 + 3 nmoles/mg cell protein). The total cholesterol content ob-
tained post incubation of HMDM with sugar-modified LDL strongly embarked the implications of LDL glycation
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Figure 5. Total Cholesterol Concentration Present in HMDM. Total cholesterol content in HMDM was measured after incu-
bation with sugar-modified LDL both in absence or presence of AG and that incubated with DETAPAC (control). LDL (1
mg/ml) was incubated with glucose/fructose (25 mM) either in the absence or in the presence of aminoguanidine (25 pM)
and that incubated DETAPAC was taken as control. Incubation was for 21 days at 37°C. HMDM were exposed to control as
well as treated LDL samples (150 pg/ml) for 72 hours and then total cholesterol content was quantified by HPLC. Results are
expressed as the means + SEM from 3 - 4 separate experiments each with 3 samples per treatment. P < 0.05 for glucose + AG
and fructose + AG are compared with glucose treated and fructose treated samples respectively.

on macrophagial accumulation of cholesterol, in turn resulting in the formation of foam cells; a prominent hall-
mark of atherosclerosis [34].

The accumulation observed more in case of fructose is due to modification of LDL to an exaggerated extent
owing to high reactivity of fructose [35]. However, LDL-modified by both the sugars in the presence of AG were
able to achieve almost complete inhibition of lipid loading even when complete prevention of LDL modification
was not achieved, as evident in physicochemical analysis. This indicated that all that was required to prevent li-
pid loading was reduction of damage below a key threshold related to modification of key residues on apolipo-
protein B-100 [17]. This has potential therapeutic significance.

It is now recognized, that in vitro glycation of LDL can induce intracellular cholesterol accumulation in ma-
crophages resulting in foam cell formation which is a characteristic of atherosclerosis [23]. Fructose has been
taken as the prime sugar for the study due to numerous reports on its increased consumption in the form of high
fructose corn syrup in processed foods [36] and also it has been recently implicated as a risk factor for cardi-
ovascular diseases [37]. Moreover during diabetic conditions excessive blood glucose levels automatically result
in high levels of fructose in tissues/organs were polyol pathway is active [38]. Fructose is known to be almost
300 times more reactive as compared to glucose due to presence of greater number of reactive open chain struc-
tures [39], thus causing far more AGE formation and oxidative stress than glucose [6].

AG is a well established therapeutic agent for the prevention of glycation process which is a characteristic of
normal aging as well as different pathological conditions like diabetes, atherosclerosis [28]. It reacts rapidly with
different sugars and dicarbonyl compounds to prevent the formation of AGEs. Adducts formed are substituted
3-amino-1, 2, 4-triazine derivatives [13]. Inhibition of disease mechanisms, especiallly vascular complications in
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experimental diabetes, by AG has provided evidence that accumulation of AGEs is a risk factor for disease pro-
gression and AG is effective in preventing it [28] [29] and is currently undergoing clinical trials to be used as a
therapeutic drug for AGE associated pathologies.

4. Conclusion

The study gives strong evidence that fructose-induced alterations in LDL are far more prominent than that by
glucose. This is of high significance owing to numerous reports about the role of fructose in lipid metabolism
and also in cardiovascular disorders [37] [39]. However, the key finding from the data obtained is that aminogu-
anidine is effective at very low concentrations to combat glycation even with a sugar as potentially reactive as
fructose. Thus, aminoguanidine may serve as effective scavengers of glycation agents hence of protein glycation
and as potential therapeutic agents to inhibit diabetes-induced atherosclerosis.
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