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ABSTRACT

Histones, upon reaction with reducing sugars, are known to generate highly
reactive advanced glycation end products (AGEs). In this study, we
investigated the structural changes associated with the glycation of whole
histone by 2-deoxy D-ribose. The deoxy pentose was incubated with whole
histone for 12 days and the resultant biophysical and structural changes in
the deoxyribose modified-whole histone were investigated thoroughly using
biochemical assays, various spectroscopic techniques like UV-visible,
fluorescence, FT-IR, and CD, UPLC-MS, and transmission electron
microscopy. We found that deoxyribosylation of whole histone formed
pentosidine and Ne-carboxymethyl-L-lysine AGEs and was accompanied by
an increase in oxidative stress. The histone-AGEs caused gross structural
changes in the protein and formed large amorphous aggregates. The
presence of such AGE aggregates is likely to interfere with the proper
functioning of histones and chromatin, besides exhibiting immunogenicity
and generation of autoantibodies against nuclear antigens.

Keywords: 2-Deoxy-D-ribose, histones, mass spectrometry, Ne-
carboxymethyl-L-lysine, pentosidine, transmission
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INTRODUCTION

2'-Deoxy-D-ribose (dRib), as a part of DNA, is one of the most abundant reducing sugars in living
organisms. Moreover, the degradation of thymidine via thymidine phosphorylase is a major source
of cellular dRib (Rafi et al., 2020). Deoxyribose synthesis in animal tissues may also result from the
condensation of glyceraldehyde phosphate with acetaldehyde (McGeown and Malpress, 1952).
dRib shows high reactivity towards proteins, even higher than that of D-glucose and D-fructose
(Monnier, 1990), leading to the production of glycation intermediates, reactive carbonyl species and
AGEs. The deleterious effects of dRib-AGEs have been well-documented. dRib may damage
pancreatic B-cells both by oxidative stress and protein glycation (Koh et al., 2010; Suh et al., 2012).
Furthermore, dRib induces oxidative stress and apoptosis in B-cell lines within 24 h (Koh et al.,
2005).

The long half-life and the presence of a lysine/arginine-rich nucleophilic tail in histones may
be favourable to glycation reactions. Zheng et al. (2019) observed the accumulation of glycation
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products specifically on histones in cancer cells, but not in normal cell culture. Functionally,
histones regulate a wide range of molecular processes like gene expression and DNA replication
and repair (Wolffe, 1998). Any structural modification in histones may affect its DNA binding
properties (Ashraf et al., 2015). Histone glycosylation can alter its transcriptional program and
disrupt the chromatin structure and function thereby contribute to the genomic instability and
disease progression (Zheng et al., 2019). Other studies propose that hypo-immunity seen in diseases
like diabetes mellitus is due to the long term epigenetic impacts of histone glycosylation on immune
responses (Zheng et al., 2020; Mir et al., 2021). Studies have also indicated the vulnerability of
histones towards AGE-formation. Gugliucci (1994) demonstrated in vitro that rat liver histones can
form AGEs in a time- and sugar concentration-dependent manner. Histones-AGEs have also been
reported in the liver of diabetic rats and patients, indicating their likely rolein the pathogenesis
and/or progression of the disease (Gugliucci and Bendayan, 1995; Jobst and Lakatos, 1996). The
lysine residues of H1 and H2B have been reported to be glycoxidatively modified in vitro (Liebich
et al., 1993; Guedes et al., 2011). Talasz et al. (2002) have reported that core histones are more
prone to glycation than the linker histone H1, especially when they are not in the nucleosomal
conformation. Further, they documented the formation of cross-links showing disappearance of
individual histone molecules and the appearance of dimers and polymers when total histones were
glycated non-enzymatically. In spite of the fact that the occurrence and effects of histones-AGESs
have been well-described, their structural details are still poorly documented mainly due to their
chemical complexity and dynamic nature. In the current study, we examined the effect of dRib
glycosylation on the structural properties of whole histone using biochemical assays and
biophysical techniques as well as electron microscopy.

MATERIALS AND METHODS

Preparation of whole histone solution
Unfractionated calf thymus whole histone was obtained from Sigma-Aldrich Company (St. Louis,
MI, USA,; Cat. No. H9250) and dissolved in sterile 10 mM phosphate-buffered saline (PBS), pH 7.4.

Deoxyribosylation of whole histone

All test tubes, reagent bottles, and micropipette tips were autoclaved prior to the use. Whole histone
(1 mg mL™) was mixed with 10, 30 and 50 mM D-deoxyribose dissolved in 10 mM PBS (pH 7.4)
and incubated at 37°C for 12 days. A bacteriostatic agent sodium azide (0.02%) was added to all
reaction tubes to ensure sterility. At the end of incubation, the preparations were extensively
dialyzed against 10 mM PBS. The native whole histone (NWH; 1 mgmL™) and deoxyribosylated-
whole histone (dARSWH10, 30 and 50) samples were then stored in aliquots at -20°C for further
experiments.

Absorption spectroscopy

The absorption spectra of the native whole histone (NWH) and deoxyribosylated-whole histone
(dRSWH) samples were recorded in the wavelength range of 250-450 nm using a
spectrophotometer (model UV-1700; Shimadzu Corporation, Japan). Increase in absorbance
(hyperchromicity) at 280 nm was calculated from the following equation:

ODgapewr — ODywy

Uh hyperchromicity at 280 nm = ( ] x 100

ODyrswr
Detection of Amadori-histone

Native and deoxyribosylated-whole histone samples were subjected to nitroblue tetrazolium (NBT)
assay (Johnson et al., 1983) for the detection of Amadori products. Briefly, the samples were mixed
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with NBT solution (250 uM NBT in 0.1 M carbonate buffer) in a ratio of 1:1 by volume and
incubated at 37°C for 2 h. Next, the absorbances of samples were recorded at 550 nm. The
concentration of Amadori-histone (in n moles mL™) was determined using the molar extinction
coefficient value of monoformazan (12,640 cm™* M™).

Fluorescence spectroscopy

Fluorescence spectroscopy is a rapid and cost effective technique for the detection of AGEs, since
most AGEs have a characteristic fluorescence with Aexat 370 nm and Aem at around 445 nm (Zaman
et al., 2017). For detection of fluorescent AGEs, the NWH and dRSWH samples were excited at
370 nm and emission intensity was recorded in the wavelength range of 380-500 nm on a
spectrofluorometer (model RF-5301, Shimadzu Corporation, Japan). Similarly, for detection of
pentosidine, a fluorescent AGE with a Aex/Aem Of 335/390 nm, the samples were excited at 335 nm
and the emission spectrum was recorded in the wavelength range of 340-450 nm (Uchiyama et al.,
1991). The increase in fluorescence intensity (FI) was calculated using the following equation:

Fligews — Fl
% increase in FI = —orowH = NWH . 444

FI dRSWH

Determination of free e-amino group content of dARSWH

The free e-amino groups of NWH and dRSWH were determined with trinitrobenzene sulfonic acid
(TNBS) reagent (Haynes et al., 1967). Briefly, a 0.01% (v/v) solution of TNBS was prepared in 0.1
M sodium bicarbonate, following which 500 pL of the sample was mixed with 250 puL of the TNBS
solution and incubated at 37°C for 2 h. The reaction was stopped with 250 uL of 10% SDS and 125
pL of 1 N HCI and the absorbance was recorded at 335 nm.

Determination of free arginine residues of dARSWH

The arginine content of NWH and dRSWH samples was estimated by a modified Sakaguchi
method (Sakaguchi, 1950). Briefly, 1 mL of protein sample was treated with a few drops each of
10% NaOH and 0.04% a-naphthol (dissolved in ethanol) and 1 mL 0.06 N sodium hypochlorite.
The appearance of a pink color indicated the presence of arginine in samples. The absorbance was
read at 500 nm.

Estimation of carbonyl content

Carbonyl content of NWH and dRSWH samples was estimated by dinitrophenyl hydrazine (DNPH)
assay using an established protocol (Levine et al., 1990). The carbonyl concentration in the samples
was calculated using the molar extinction coefficient of DNPH (22,000 M™*cm™).

Estimation of thiol content

Free sulfhydryl groups (thiol) of NWH and dRSWH samples were estimated by a colorimetric
assay utilizing DTNB (Ellman’s reagent) (Ellman, 1959). Sodium acetate (50 mM) and 2 mM
DTNB solutions were prepared in distilled water. The NWH and dRSWH samples (150 uL) were
mixed with 3 mL DTNB solution and incubated in dark at room temperature for 30 min. The
absorbance was then read at 412 nm and the thiol content calculated by using the molar extinction
coefficient of DTNB (0.01415 uM™*cm™).

Detection of Ne-carboxymethyl lysine (CML) by UPLC-MS

Acid hydrolysates of NWH and dRSWH, along with commercially obtained CML standard (IRIS
Biotech GMBH, Germany), were processed on UPLC-MS machine. The peaks observed for the
NWH and dRSWH samples were compared with the peak of standard CML. Acid hydrolysates of
NWH and dRSWH were prepared by incubating the protein samples with 6 mol L™* HCI at 95°C for
18 h and then filtered through a 0.24 um filter. Acetonitrile was used as solvent and a flow rate of
0.8 mL min™ was maintained through an X-Bridge C-18 column (2.5 x 100 mm; 1.7 um particle
size). Mass spectrometric analysis was carried out on an Acquity UPLC-MS system (Waters, MA,
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USA) operated in positive ion mode. Previous studies have verified the presence of non-fluorescent
AGEs like CML and CEL in samples by LC-MS analysis in a similar manner (Naila et al., 2004).

FT-IR spectroscopy

FT-IR is a rapid and nondestructive technique widely used to determine the secondary structure and
local conformational changes in proteins. To elucidate the changes in the secondary structure of
dRSWH, FT-IR spectroscopy was carried out using Perkin-Elmer FT-IR spectrophotometer.
Infrared spectral readings were recorded between 1400-1800 cm™, which covers both amide 1 and 11
bands.

Circular dichroism (CD) measurements

The CD spectrum in the far UV region corresponds to peptide bond absorption. The technique is
used to determine regular secondary structural features such as a-helix and p-sheet. Far-UV CD
profiles of NWH and dRSWH samples were recorded using a spectropolarimeter calibrated with D-
10-camphor-sulfonic acid. Cuvette of 1 mm path length was used for obtaining spectra in the
wavelength range of 190-260 nm at a scan speed of 100 nm min™ and response time of 1 s (Kelly
and Price, 1997).

Dynamic light scattering (DLS) studies

Dynamic light scattering technique is routinely used to determine the hydrodynamic diameter and
the size of protein molecules. Therefore, the NWH and dRSWH were subjected to DLS analysis
using DynaPro-TC-04 DLS equipment (Wyatt Technology, CA, USA). Briefly, the samples were
spun at 10,000 rpm for 10 min and passed through a microfilter into a 12 pL quartz cuvette. Data
analysis was done using Dynamics 6.10.0.10 software (Arfat et al., 2014). The mean hydrodynamic
diameter (Dy) of the molecules was calculated with the help of the Stokes-Einstein equation given
below:

2KT

6D

Where, Dy is the hydrodynamic diameter, k is the Boltzmann's constant, T is the absolute temperature, 1 is the
viscosity of water and D25Cis translational diffusion coefficient of water at 25°C.

TEM imaging of NWH and dRSWH

Two dimensional images of individual macromolecular complexes of NWH and dRSWH samples
were obtained by using JEOL transmission electron microscope (Tokyo, Japan) operated at an
accelerating voltage of 180 kV. The samples were fixed, dehydrated using ethanol, and passed
through propylene dioxide. Formvar film was used for coating the samples once the grids were
prepared and images were viewed using iTEM and TIA software.

Dy

Statistical analysis

All tests were carried out in duplicate and the results are expressed as mean + SD. The statistical
significance of the values was calculated using one-way ANOVA and Dunnett’s test and a p-value
of < 0.05 was considered significant.

RESULTS AND DISCUSSION

The persistence of apoptotic debris due to poor or delayed clearance is a likely source of auto-
antigen(s) in autoimmune diseases (Szondy et al., 2014). Studies have shown that apoptosis induces
the release of individual nucleosomal histones (Wu et al., 2002) and they may be glycosylated by
the circulating carbohydrates. Glycation studies conducted on various histone variants have shown
their involvement in the development and progression of chronic inflammatory diseases (Khan et
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al., 2009; Ashraf et al., 2015), but the effects of such glycation reactions on the structure,
conformation, mass, and morphologyof the whole histone have not been documented in detail.

Native whole histone dissolved in PBS, pH 7.4 showed maximum absorbance at 280 nm (Fig.
1). However, modification with 10, 30 and 50 mM deoxyribose resulted in 55.6, 74.8 and 79.4%
hyperchromicity, respectively, as compared to NWH. The hyperchromicities observed in dRSWH
samples at 280 nm indicated perturbate in protein structure.

AGEs formation involve non-enzymatic glycosylation of biological macromolecules wherein
carbonyl moieties undergo covalent attachment with the amino groups of proteins, lipids and
nucleic acids and form unstable Schiff base or aldimines (Dyer et al., 1991; Singh et al., 2001). The
aldimines undergo Amadori rearrangement forming stable fructosamine derivatives which
progressively undergo complex chemical rearrangements and reactions to generate irreversible
AGEs (Hodge, 1953; Arena et al., 2014). NBT is a yellow-coloured dye which is reduced by
Amadori adducts (fructosamine) and forms purple-coloured monoformazan with Amax at 525 nm. As
shown in Fig. 2, fructosamine formation in dRSWH samples was completed on day 4, and the
fructosamine content in dRSWH samples was significantly higher than that of NWH (p < 0.001).
The monoformazan was found to be 27.53, 61.55 and 96.52 n mol mL™* in dRSWH modified with
10, 30 and 50 mM deoxyribose, respectively. In NWH, the monoformazan was found to be 3.25 n
mol mL™. From the day 5 onwards, the fructosamine content started decreasing and eventually
plateaued,  suggesting a 16
gradual conversion of
Amadori adducts into AGEs
(Singh et al., 2001).

Fig. 3 shows the
emission spectra of NWH and
dRSWH samples. dRSWH
samples excited at 370 nm
showed peaks at around 445
nm, indicating the presence of
fluorescent AGEs in the
samples (Zaman et al., 2018).
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structures have been identified Wavelength (nm)
and most of them are Fig. 1: UV-visible spectra of NWH (-x-) and dRSWH
intrinsically fluorescent. How-  modified with 10 (-m-), 30 (-A-), and 50 mM (-e-) deoxyribose
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Fig. 2: a) Effect of time on the level of Amadori adducts in NWH (-x-) and dRSWH at deoxyribose
concentrations of 10 (-m-), 30 (-A-), and 50 mM (-e-); b) Amadori content detected in the
dRSWH samples on day 4 compared to NWH. ***p < 0.001
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Fig. 3: The emission spectra of NWH (-x-) and dRSWH incubated for 12 days with 10 (-m-), 30 (-A-)
and 50 mM (-e-)deoxyribose when all samples were excited at (a) 370 nm, and (b) 335 nm

ever, due to their complex and heterogenous nature only some of these structures have been well
defined. A well-characterized fluorescent AGE is the pentosidine, an arginine-lysine cross-link
compound (Vetter, 2015). Subsequent analysis carried out at Aex 0f 335 nm showed peaks at around
390 nm, suggesting the presence of pentosidine in dRSWHsamples but not in NWH [Fig. 3b]
(Uchiyama et al., 1991).

The lysine and arginine content of NWH and dRSWH samples were then estimated by
trinitrobenzene sulfonic acid reagent and Sakaguchi reaction, respectively. The amounts of lysine/
arginine in NWH were considered to be 100% and the percentages of lysine/arginine in three
versions of dRSWH were calculated relative to that in NWH. The decrease in the content of free
lysine and arginine residues between the native and deoxyribosylated WH samples was highly
significant (p < 0.001 in each case) [Fig. 4a]. This clearly suggests the formation of AGEs, since the
nucleophilic lysine and/or arginine residues are the primary sites of glycosylation in proteins (Thorpe
and Baynes, 2003). The reactivity of lysine was greater than that of arginine. This may be explained
by the fact that amino groups with lower pKa values are observed to be more reactive in glycosylation
reactions (pKa of lysine and arginine are 10.5 and 12.5, respectively) (Bunn et al., 1979).

Since glycosylation reactions are accompanied by an increase in the reactive oxygen species
(Khan et al., 2017), we evaluated the oxidative stress in NWH and dRSWH by two reliable assays:
Ellman’s test for free sulfhydryl and DNPH assay for carbonyl (Shacter, 2000). As shown in Fig. 4b,
the carbonyl content increased from 6.89 in NWH to 33.1, 47.4, and 55.32 nmol mg™ in the dRSWH
samples modified by 10, 30 and 50 mM deoxyribose, respectively. On the other hand, the thiol
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Fig. 4: a) Percentages of free lysine () and arginine (i) residues in dRSWH at 10, 30 and 50 mM
deoxyribose, relative to that in NWH. b) Amount of carbony! () and thiol (:) in NWH and
dRSWH10, 30 and 50 samples. Significant differences are reported as * (p = 0.05) or *** (p
< 0.001) as compared to NWH
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(sulfhydryl) content decreased from 74.7 n mol mg™ in NWH to 68.65, 64.6 and 56.5 n mol mg* in
dRSWH 10, 30 and 50, respectively. The formation of more and more protein carbonyls may be
attributed to the oxidation of amino acids or to the oxidative cleavage of protein backbone. In
addition, glycosylation reactions are known to produce reactive carbonyl derivatives capable of
reacting with proteins (Levine et al., 1994). Similarly, the estimation of the free thiol (-SH) in
proteins is also a measure of the oxidative stress on proteins. The oxidation of thiol-containing
residues, such as cysteine, changes the oxidation state of sulfur, rather than that of the carbon. This
leads to the formation of a disulfide (-S-S-) bridge between the two residues, thus decreasing the
total thiol content of the protein (Ellman, 1959). The decrease in free thiol accompanied by increase
in carbonyl clearly suggested imbalance in the redox state and AGEs formation. Confirmation of
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Fig. 5(i) UPLC chromatogram of (a) commercially obtained
CML, (b) hydrolyzed NWH, and (c) hydrolyzed

dRSWH modified with 50 mM deoxyribose.

AGEs formation was provided by
the presence of CML, an authentic
marker of non-fluorescent AGEs
(Ikeda et al., 1996), in dRSWH
samples. Ne-(1-carboxymethyl)-
L-lysine (CML) is a non-
crosslinked and non-fluorescent
AGE produced by oxidative
modification of glycated proteins
under oxidative stress (Ahmed et
al.,  1997). The UPLC
chromatogram of the
commercially available CML and
that of dRSWH modified by 50
mM deoxyribose showed peaks at
retention times of 2.15 and 2.16
min [Fig. 5() a and c],
respectively.  The  hydrolyzed
NWH processed under identical
conditions did not exhibit CML
peak [Fig. 5(i) b]. Additionally,
the mass spectra of CML fraction
showed a base peak of high
intensity at an m/z value of
205.12, and a product ion peak at
131.49 m/z [Fig. 5(ii) a], which
correlates with the reported
molecular mass of standard CML
(204.22 g mol™). In case of NWH,
no peak exhibited similiarity with
that of CML standard [Fig. 5(ii)b],
while that of hydrolyzed dRSWH
showed distinct peaks at m/z
values of 205.7 and 131.81 [Fig.
5(ii) c], indicating the presence of
CML.

The effect of deoxy-
ribosylation on the secondary
structure of dRSWH was

analyzed by FT-IR and far UV-
CD spectroscopic techniques.



Glycation of whole histone by deoxyribose 203

0Nse 51 @ W

B

| 205.12'

.~

re HAN  rm

A s

e BIW L, L,

3 8
wo = 0 =0 X0 »o “o o 80 =0 90 =0 ne
~r

™ L = "0 ®#0  »o

Fig. 5(ii) UPLC-MS profile of (a) commercially available CML,
(b) hydrolyzed NWH, and (c) hydrolyzed dRSWH

modified with 50 mM deoxyribose

The FTIR-ATR spectra
collected in the range of 1500-
1800 cm™ showed two bands:
an amide | band (1600-1700
cm?) arising due to C=0
stretching, and an amide Il band
(1500-1600 cm™) which arises
due to the C-N stretching
coupled with N-H bending
vibrations (Liu et al., 2003;
Ashraf et al, 2014). The
intensities of peaks
corresponding to the three
versions of dRSWH showed a
large  decrease in  band
intensities as compared to that
of NWH (Fig. 6a). Further, the
shifts in amide | and amide Il
band positions were observed
for deoxyribosylated-WH
samples (Table 1). These shift
in band positions may be
attributed to perturbations in the
secondary structure of protein.
The CD spectroscopy data of
samples further corroborated
the results of FTIR
spectroscopy. The NWH
showed two ellipticity peaks-
one at 222 nm (-17.23 mdeg),
and another at 208 nm (-28.94
mdeg) [Fig. 6b; Table 1].

After modification with
deoxyribose, the  samples
exhibited a loss in negative
ellipticity at 222 and 208 nm,

suggesting a decrease in a-helical content (Corbin et al., 1998). Meanwhile, the absence of a peak at
around 215-218 nm indicated that the deoxyribosylation of whole histones is not accompanied by
any increase in B-sheet. Previous studies on glycation of proteins have reported the formation of
ordered amyloid AGE aggregates ( Khan et al., 2017; Zaman et al., 2018) which is facilitated by an
increase in B-sheet conformation (Von Bergen et al., 2005).

Our results indicated that deoxyribosylation of whole histones is probably accompanied by
the formation of disordered amorphous aggregates rather than ordered amyloid aggregates. To confirm

Table 1: Summary of some biophysical characteristics of NWH and dRSWH

NWH dRSWH10 dRSWH30 dRSWH50
Amide I (cm™) 1662 1653 1644 1638
Amide Il (cm™) 1548 1548 1547 1544
Ellipticity (mdeg) 208 nm  -28.94 -26.35 -22.70 -19.16
222nm  -17.23 -14.89 -13.04 -12.16
Hydrodynamic diameter (Dn) ~58.8 ~91.3 ~122 ~190
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confirm this, the dRSWH-AGEs were analyzed by DLS and TEM. The hydrodynamic diameter
(Dn) of NWH was found to be 58.8 nm (Fig. 7a), while those of d(RSWH modified by 10, 30 and 50
mM deoxyribose were found to be approximately 91.3, 122 and 190 nm, respectively (Fig. 7b-d;
Table 1). Previous studies have reported the formation of large histone polymers as a result of
random aggregation (Toennies and Bakay, 1955; Van Holde and Isenberg, 1975), which were
distinct from the nucleosomal histone dimerization and tetramerization. Cruft et al. (1958) reported
that even the smallest of such aggregates are 9-10 folds larger than the unaggregated histone. A
similar explanation may be offered to the unexpectedly large hydrodynamic diameter (Dy) observed
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Fig. 6: (a) FT-IR spectra depicting Amide | and 11 bands, and (b) far-UV CD spectra of NWH (-x-)
and dRSWH modified with deoxyribose: 10 MM (-m-), 30 mM (-A-), and 50 mM (-e-).
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Fig. 7: Dynamic light scattering profiles of (a) NWH, (b) dRSWH modified with 10 mM
deoxyribose, (¢) dRSWH modified with 30 mM deoxyribose, and (d) dRSWH modified
with 50 mM deoxyribose

by us for NWH. This was further supported by the TEM micrographs, which depicted aggregation
in the NWH sample (Fig. 8a). Allgen (1950) proposed that the aggregation of unfractionated
histones may be due to their high charge density and dipole moment. Nevertheless, the reaction of
dRib with whole histone, leading to the generation of histone-AGEs was evident from the
significantly greater hydrodynamic diameter observed for dRSWH analogues as compared to native
WH; this suggests AGE-aggregate formation. This was visually confirmed by subjecting the
dRSWH samples to TEM imaging (Fig. 8b and c). The microphotographs revealed the formation of
irregular amorphous AGE aggregates, rather than fibrillar amyloid aggregates, as was suggested by
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Fig. 8: TEM microphotographs of (a) NWH (b) dRSWH modified with 30 mM deoxyribose, and
(c) dRSWH modified with 50 mM deoxyribose.

the far-UV CD results. While the exact kinetics are not yet well elucidated, the exposed
hydrophobic surfaces of unfolded proteins are believed to promote amorphous aggregate formation
(Yoshimura et al., 2012). Mir et al. (2015a) have reported that amorphous aggregates produced as a
result of histone glycation are highly immunogenic and have been implicated in the autoimmune
response in cancer (Mir et al., 2015b). Furthermore, protein AGE-aggregates are also known to play
a critical role in the pathogenesis of various diseases due to accumulation in organs and/or
interaction with cellular components.

Conclusion: The study demonstrated that deoxyribose is a potent glycating agent and can influence
the molecular size, secondary structure and redox status of the whole histone; leading to AGEs
formation and disordered amorphous aggregates. Further studies may be aimed at investigating the
presence and pathogenic role of such histone-AGE aggregates in autoimmune diseases especially
those involving nuclear antigens such as SLE.
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