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ABSTRACT

Fibrinogen (FBG) is a high-molecular-weight protein and precursor to the enzymatically formed fibrin. It has
been recently discovered that FBG can be converted into an insoluble, fibrin-like polymer by a nonenzymatic
action of hydroxyl radicals (HRs). These free radicals are generated due to the reaction between hydroxyl
groups of water and trivalent ferric ions without the participation of any redox agent. The interaction between
HRs and FBG occurs in a purified system, as well as in human plasma and in whole blood. Scanning electron
microscopy (SEM) of thrombin-induced fibers and those generated with ferric chloride has shown substantial
differences in their morphology and susceptibility to enzymatic degradation. Fibrin strands caused by thrombin
are thick and easily digested with chymotrypsin. By contrast, the dense matted deposits formed from FBG in
the presence of ferric ions are remarkably resistant to proteolytic and chemical degradations due to the presence
of intermolecular hydrophobic bonds. Thus, we postulate that this iron-catalyzed reaction represents a novel
blood coagulation pathway operating in degenerative diseases. By means of SEM, we showed the presence
of dense fibrin-like deposits in the blood of diabetic patients. Therefore, the prothrombotic state and cardio-
vascular complications observed in diabetes can be explained in terms of the persistent in vivo action of free
iron. This phenomenon may explain hemorheologic disturbances in patients with metabolic syndrome and
other diseases caused by iron overload. Of note, HRs can be effectively scavenged by phenolic substances;
therefore, certain natural polyphenolic substances, which also scavenge HRs, may be considered to have a
potential antidiabetic effect. Moreover, natural or synthetic iron-binding substances may also be considered
as a new class of antidiabetic drugs.

Introduction It is known that diabetes is associ-  fibrinolytic degradation depend on physical, bio-

ated with thrombosis and the activation of blood
coagulation.! Fibrinogen (FBG), a high-mole-
cular-weight (340kDa) clottable protein of hu-
man blood, plays a role in hemostasis and
thrombosis by serving as a precursor to fibrin.
Fibrin clot, when stabilized by the catalytic ac-
tion of factor XIII, is mechanically stronger than
the non-cross-linked one and is also less vulner-
able to premature fibrinolytic degradation. In
addition to plasmatic components, the size and
stability of a thrombus depends on blood cellu-
lar elements such as platelets, leukocytes, and
red blood cells (RBCs). Moreover, the structure
of the fibrin network and its susceptibility to

chemical, and genetic factors that operate under
various pathological conditions. Thus, the clot
architecture controls the size of its pores, which,
in turn, determines the rate of blood perfusion
making thin fibrin fibrils much less susceptible
to fibrinolysis than the thick ones.?

Resistance of fibrin clots to enzymatic degra-
dation, observed in numerous degenerative dis-
eases, can now be explained in terms of the ef-
fect of hydroxyl radicals (HRs), which convert
soluble human FBG into insoluble and plasmin-
-resistant polymer. These free radicals are, in turn,
produced by poorly chelated iron ions accumulat-
ing in the circulation from the ingested food and/
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FIGURE 1 Polymerization of human fibrinogen (optical density), and hydroxyl radical

generation (fluorescence intensity) as a function of iron (ferric chloride) concentration
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or hemoglobin leaking from RBCs. HRs cause un-
folding of FBG polypeptide chain(s) with the ex-
posure of buried hydrophobic epitopes that form
intermolecular bonds resistant to proteolytic deg-
radation. Thus, it can be concluded that the com-
monly observed thrombolytic resistance of old-
er thrombi might be caused by such a molecu-
lar modification induced by HRs generated un-
der conditions of iron overload.} In particular,
the presence of insoluble and undegradable fi-
brin-like deposits may contribute to chronic in-
flammation and predisposition to thrombosis ob-
served in diabetes. Soluble precursors, in the form
of protofibrils, demonstrated in the blood of di-
abetic patients by means of scanning electron
microscopy (SEM), may also be responsible for
hemorheologic disturbances observed in this dis-
ease. Spontaneous aggregation of such protofi-
brils results in the formation of dense matted de-
posits (DMDs), which when fused to RBCs further
contribute to the resistance of thrombi to fibrin-
olytic degradation. In this review, a novel pathway
of blood coagulation is presented, and a number
of natural substances are identified that may offer
protection against diabetic complications.

The role of iron  Iron is a transition metal that
plays an essential role in many physiological func-
tions in living organisms. Metabolism of iron in
the human body is well controlled, so no large
quantities of this metal are released at a given
time. However, certain proportion of iron ex-
ists in blood in a free form in the so called la-
bile pool.# In human body, divalent iron, Fe(II),
when released from RBCs is immediately oxi-
dized to trivalent iron, Fe(III), by ferroxidase. In
addition, trivalent iron is continuously accumu-
lating in the body from external sources, spe-
cifically from the consumption of red meats.’ It
should be emphasized that epidemiological data

show a strong correlation between iron overload

and diabetes as well as other degenerative diseas-
es.b Heme, which is released from oxidized hemo-
globin, is an abundant source of redox active iron

concentration, which is, in turn, regulated by fer-
ritin and hepcidin.”® The release of redox-active

iron into the bloodstream is toxic to the vascula-
ture, contributing to the development of throm-
bosis. It was demonstrated that ferric chloride

treatment of isolated mouse aorta perfused with

whole blood is associated with endothelial denu-
dation, collagen exposure,’ and when injected in-
travenously formed occlusive thrombi.'” Moreover,
chronic hemolysis is known to lead to thrombosis

and vascular complications.!" Relevant to these

findings and pertinent to the diabetic nephrop-
athy is a paper by Undas et al.,'? describing al-
tered fibrin clot properties in patients on hemo-
dialysis. Labile iron was also shown to play a role

in kidney disease that could be prevented with

iron-chelating agents.'

Of note, although iron is known to generate
HRs in the Fenton reaction in the presence of hy-
drogen peroxide and/or ascorbic acid, we showed
that these most reactive free radicals are produced
in the presence of ferric ions alone, according to
the following reaction:

Fed* + HO- — Fe?* + HO'

This newly discovered reaction has significant
implications for the understanding of oxidative
stress. Thus, the addition of oxygen atoms to bio-
logical materials by means of aromatic hydroxyla-
tion can occur without any oxidizing agent. Con-
sequently, real antioxidants such as vitamin C
may not only be ineffective in the prevention
and treatment of degenerative disease, but in fact
may potentiate their pathological consequences
by participating in the Fenton reaction. It should
be emphasized that the hydroxyl radical-modified
FBG deposits are very difficult to be identified
by conventional analytical methods, since they
can only be detected by direct immunochemical
staining methods.

Hydroxyl radicals and their pathological effects As
shown in FIGURE 1, ferric ions cause the concom-
itant generation of HRs and polymerization of
purified FBG. It is important to note that iron-
-induced polymers of FBG are very different from
those produced by the enzymatic action of throm-
bin on purified FBG (FiGURE 2A and B) and on hu-
man plasma (FIGURE 3A and B).

While polymerization of fibrin monomers into
fibrin occurs by means of the ionic bonds, hydrox-
yl radical-induced modification of FBG involves
hydrophobic forces that irreversibly affect pro-
tein physicochemical properties rendering them
refractory to proteolytic degradation.! In addi-
tion, hydrophobic bonds, by contrast to the dis-
ulfide bridges, cannot be broken by the reduction
in the presence of chaotropic solvents and boil-
ing in alkali. The remarkable resistance of iron-
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FIGURE 2 Scanning
electron microscopy
micrographs of human
fibrinogen treated with
thrombin (A), and with
ferric chloride (B)

FIGURE 3 Normal
human plasma after

the addition of thrombin
(A) and ferric chloride (B)

FIGURE 4  Poly-
acrylamide gel electro-
phoresis pattern of
stabilized fibrin clot before
(1) and after digestion
with chymotrypsin (2);
iron-generated fibrinogen
polymer treated with
chymotrypsin (3) and
with sodium dodecyl
sulfate-reducing agent (4)

-induced polymer to such a drastic treatment in-
dicates that it is bound together by the hydro-
phobic forces (FIGURE 4).

Fibrin fibers produced with thrombin are read-
ily degradable to smaller polypeptide fragments
by incubation with chymotrypsin (FIGURE 4, line
2), while the hydroxyl radical modified polymer
remains intact after the enzymatic and chem-
ical treatments (FIGURE 4, lines 3 and 4). Thus,
the failure to identify individual components of
fibrin-like deposits that are formed under numer-
ous pathological conditions can be explained in
terms of the hydrophobic phenomenon. For ex-
ample, because of its resistance to proteolytic
degradation, it is not possible to correctly iden-
tify proteins such as those present in the fibrillar
islet amyloid."® Another nonreducible and non-
extractable deposit containing FBG and human
serum albumin could only be detected in silica

dust-induced lung nodules by immunochemical

methods.'® Placenta of pregnant women is an-
other example of a special function for a protease-

-resistant fibrinoid shown to be composed of FBG/
albumin complex."” A similar type of an insoluble

complex of FBG with albumin was also identified

in the brain of patients with Alzheimer’s disease.'®

Therefore, it is possible that such complexes have

been formed as a result of HR-induced modifica-
tion of FBG and albumin molecules, thus explain-
ing similarities in the pathogenesis of diabetes

and Alzheimer’s disease.'?

Metabolic syndrome It is well established that pa-
tients with chronic kidney disease exhibit a high-
er burden of cardiovascular risk factors including
inflammation, hypertension, dyslipidemia, hyper-
coagulability, and inhibition of fibrinolysis.?0-?!
Metabolic syndrome, defined by abdominal obe-
sity, elevated blood pressure, fasting glucose, and
triglycerides was reported to be associated with
an increased risk of venous thromboembolism.??
In addition, diabetic patients were shown to have
significantly higher levels of FBG, plasma viscos-
ity, and red cell aggregation compared with non-
diabetic patients.?® The role of blood coagulation
and the persistent presence of fibrin in glomerular
sclerosis were emphasized by Hertig and Rondeau
in 2004.% Fibrin-like material present in diseased
glomeruli, often referred to as fibrinoid, identi-
fied by specific histochemical and/or immuno-
logical methods,? is similar to that demonstred
with SEM in plasma (FIGURE 5A) and whole blood
(FiGuRE 5B) of diabetic patients.

Marked alterations in fibrin clot properties
found in patients on chronic peritoneal dialysis?®
might be caused by hydroxyl modification of FBG
structure as well. Evidence was also provided for
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FIGURE 5 Scanning electron microscopy micrographs
of diabetic plasma (A) and whole blood (B)
Abbreviations: RBC — red blood cell

the accumulation of free radical modified prod-
ucts prior to the development of diabetes.?’

Iron may also contribute to type 2 diabetes by
the hydroxyl radical-induced modification of in-
sulin resulting in its increased hydrophobicity.?8
Under physiological conditions, insulin circu-
lates in blood in a monomeric form, but its hy-
drophobically bonded dimers exhibit impaired
hormone-receptor interactions.? In vitro expo-
sure of insulin to HRs generated in the Fenton
reaction caused its polymerization without af-
fecting the immunological characteristics of this
hormone (Lipinski, unpublished data). This phe-
nomenon may explain why in hyperinsulinemic
patients, there is an increased blood concentra-
tion of insulin, which is, however, biologically in-
active due to the free radical-induced modifica-
tion of its molecular structure. Moreover, inter-
actions between modified FBG molecules and pan-
creatic B-cells may prevent the release of active
insulin molecules into the circulation observed
in type 2 diabetes.

Atherosclerosis It is well known that diabetes
is associated with accelerated atherosclerosis.
The presence of fibrin-like deposits in atheroscle-
rotic plaques has been observed for a long time
by numerous investigators, who have attributed
them to the chronic activation of blood coagula-
tion. Persistent presence of FBG-reactive anti-
genic material resistant to the action of proteas-
es was identified in atherosclerotic plaques over
50 years ago.’? Subsequently, Smith®' had docu-
mented the existence of insoluble fibrin(ogen)-
-related antigens in the atherosclerotic intima.
However, the mere activation of blood coagu-
lation does not offer a satisfactory explanation

for this commonly observed phenomenon, par-
ticularly in view of the fibrinolytic potential of
human blood. It is known that the solid phase
of thrombin-induced fibrin is a powerful stimu-
lus for the release of tissue plasminogen activa-
tor, which, in turn, initiates effective fibrin deg-
radation.?? Therefore, it is obvious that fibrin-like
deposits present in atherosclerotic plaques must
have very different physicochemical properties,
which determine their resistance to the enzy-
matic and chemical degradations.

Hemorheologic consequences It was discovered
that plasma obtained from diabetic patients con-
tained a macromolecular protein complex,* simi-
lar to advanced oxidation protein products found
in uremic patients.’* Physicochemical proper-
ties of these 2 types of plasma complexes indi-
cate their resemblance to protofibrils generated
by the initial action of HRs on FBG molecules.
There are 3 overlapping sets of mechanisms that
are responsible for the cellular damage caused by
soluble protein protofibrils: 1) disruption of cell
membranes and their functions, 2) inactivation of
normally folded functional proteins, and 3) bind-
ing to and inactivating components of the qual-
ity-control system of cells. At least 1 of these
mechanisms may be involved in erythrocyte ag-
gregation and deformability observed in diabe-
tes, which explains hemorheologic disturbances
and impaired blood circulation in this disease.3-36
It was first shown over 100 years ago by a Polish
physician, Edmund Biernacki, that erythrocyte
sedimentation was caused by plasma FBG.*’ Sub-
sequently, it was suggested that it is not FBG per
se, but soluble fibrin monomer complexes, which
play a critical role in this phenomenon.*® However,
this particular mechanism would involve a con-
tinuous activation of blood coagulation in many
chronic diseases, which is yet to be proved.

The discovery of hydroxyl radical-induced mod-
ification of FBG molecules offers a more plausi-
ble explanation for the mechanism of this im-
portant test. According to this concept, hydro-
phobic epitopes of RBC membranes interact with
the hydrophobic regions of unfolded polypeptide
chains of FBG, causing their aggregation and in-
creasing their sedimentation. Interaction of RBC
with DMDs in the blood of diabetic patients is
shown in FIGURE 58. One may argue that increased
RBC sedimentation rate and/or their aggrega-
tion are not specific for diabetes, which certain-
ly is the case, but so are the factors that contrib-
ute to the modification of FBG molecules. Ap-
parently, manifestation of the interaction of hy-
drophobic protofibrils with RBCs in various de-
generative conditions depends on genetic and
epigenetic factors characteristic for a given dis-
ease. Yet a simple measurement of RBC sedimen-
tation rate is very informative about the chain
of reactions initiated by the excess of free iron
in the human body.
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Iron-chelating agents and hydroxyl radical scaven-
gers
ral and/or synthetic substances containing phe-
nolic rings in their structure scavenge HRs by
means of aromatic hydroxylation.?® One of such
recently discovered agents is resveratrol, pres-
ent in red grapes and wine and shown to have
beneficial effects in diabetes.*? The most widely
used class of drugs containing phenolic rings, sal-

icylates and their derivatives, have been shown
1

It is well recognized that numerous natu-

to protect against free radical injury in vivo.!
The therapeutic effect of salicylic acid in diabe-
tes was first observed almost 100 years ago,*
and has been confirmed only recently.*> More-
over, the protection against hydroxyl radical-in-
duced damage in biological systems was shown to
be offered by the use of natural polyphenolic class
of substances, such as flavonoids and anthocya-
nins, present mostly in fruits and vegetables.*4-46
In addition, genistein, a naturally occurring iso-
flavone present in soybeans, has recently been
documented to be an effective hydroxyl radical
scavenger by virtue of the addition of hydroxyl
groups to double bonds of its aromatic rings.
Interactions of polyphenols with the hydropho-
bic groups on the membranes of RBCs may also
explain the protective effect on their aggregation
and sedimentation.*8

The health benefit of free radical scavengers in
renal diseases has also been emphasized by oth-
er investigators.*¥50 In addition, there are a num-
ber of publications concerning the importance
of fruit and vegetable diet in the prevention of
cardiovascular disease, which has been attribut-
ed to their antioxidant properties.’"%? However,
only very few of them have reducing properties,
so they cannot be classified as antioxidants, and
the remaining ones are either neutral or mild ox-
idants. Yet these natural phytochemicals, partic-
ularly polyphenols, have been shown to provide
protection against numeorus chronic diseases
by virtue of their free radical scavenging proper-
ties.®® The best known and already used in clini-
cal practice is resveratrol, which neutralizes HRs
by means of the aromatic hydroxylation reaction.
Ferulic acid exerts a similar action against HRs.
It belongs to the family of hydroxycinnamic acid
with the chemical structure similar to curcumin.®*
Ferulic acid is present in the leaves and seeds of
many plants, brown rice, whole wheat, oats, ap-
ples, artichokes, oranges, and pineapples. Cur-
cumin (turmeric yellow polyphenol) was shown
to exert anti-inflammatory activity, prevent ath-
erosclerosis, and have cerebral protective effects.
In addition to these natural substances, a syn-
thetic compound, edaravone (3-methyl-1-pheny
l-pyrazolin-5-one), was also shown to counteract
the development of streptozotocin-induced dia-
betes, supporting the concept that HRs may be
a causative factor in this disease.?®

Itis generally believed that oxidative stress is in-
volved in the pathogenesis of numerous chronic dis-
eases, yet variety of substances which are not antiox-
idants have been shown to be of benefit in diabetes,
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specifically dietary flavonoid, quercetin, and pheno-
lic compounds contained in food products.®® Anoth-
er substance, o-lipoic acid (6-thioctic acid), which
is not an antioxidant per se, is a powerful scaven-
ger of HRs and an iron chelator.5% Treatment with
o-lipoic acid was shown to have beneficial effects in
diabetic patients with poor glycemic control and al-
buminuria.’® The beneficial effect of fish consump-
tion is another example of an oxidative stress para-
dox. In view of the presence of polyunsaturated fat-
ty acids in fish oils, these should be more prone to
damaging effect of oxidation. Yet, they exert pro-
tective effects due to the ability of double bonds
to scavenge HRs by their conversion to hydroxyl-
-fatty acids.®®

It should be noted that the phenolic moieties
of numerous natural products, such as anthocya-
nis can both chelate iron and scavenge HRs and in
this way improve insulin sensitivity.?8 In addi-
tion to exogenous substances, endogenous factors,
specifically human serum albumin, can also reg-
ulate blood iron availability. Albumin is the most
abundant protein present in human blood plas-
ma at the concentrations of 3.4 to 5.4 g/dl. It is
produced in the liver and constitutes about half of
the blood serum protein being the most soluble
and hydrophilic. Albumin transports hormones,
fatty acids, and other compounds, buffers pH, and
effectively binds iron, among other functions. De-
creased levels of albumin may be responsible for
the increased concentration of iron taken up from
dietary heme and non-heme sources, thus contrib-
uting to type 2 diabetes and presenting the risk for
gestational diabetes.5* Human serum albumin is
known to be a good substrate for glucose-induced
glycation, which subsequently introduces addition-
al storage sites for iron.% By contrast to native al-
bumin, protein-bound iron retains its redox prop-
erties and hence may induce free radical stress in
diabetes.% Thus, in addition to measuring glycat-
ed hemoglobin in the blood of diabetic patients, it
seems to be reasonable to determine the level of
glycated albumin that may more accurately reflect
changes in plasma glucose during short-term and
postprandial plasma conditions.

Conclusions In this review, we postulate that
the iron-induced generation of HRs and their sub-
sequent interaction with FBG represent a novel,
albeit pathological, pathway of blood coagulation.
We also suggest that soluble, modified FBG mol-
ecules, in the form of protofibrils, interact with

RBCs causing hemorheologic disturbances ob-
servable in diabetes. In addition, fully polymer-
ized DMDs irreversibly trap RBCs, thus further
disturbing proper oxygen delivery to tissues and

organs in diabetes. In addition, hydroxyl radical-
-induced alteration of insulin tertiary structure

may also be a causative factor in the metabolic
syndrome. While such profound structural mod-
ifications of FBG and insulin molecules are irre-
versible, they can be prevented by dietary intake

of hydroxyl radical scavengers and/or iron-chelat-
ing agents such as polyphenols that are present in
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many berries. The beneficial effect of salicylates,
first reported over 100 years ago, still remains
clinically underestimated despite the known fact
that this phenolic substance is an effective scav-
enger of HRs. A quantum leap in the understand-
ing of this very important problem is therefore
needed to utilize the accumulated knowledge for
the benefit of human health. We suggest that
the use of SEM is a very effective tool for the visu-
alization of circulatory consequences of the inter-
action of iron-induced HRs with human FBG.

The most poignant consequence of the in vivo
formation of iron-induced fibrin-like deposits is
their resistance to fibrinolysis, which otherwise
is very effective in clearing thrombin-induced
clots. It should be emphasized that the suscep-
tibility to proteolytic degradation is governed
by the type of hydrophobic interactions operat-
ing in these 2 FBG polymers (FIGURE 6). Thus, in-
tramolecular hydrophobic forces are responsible
for the maintenance of the tertiary structure of
native fibrin(ogen), whereas intermolecular hy-
drophobic bonds are involved in the formation
of modified FBG polymers (DMDs).

However, it is not currently understood why
a counterbalancing mechanism, similar to that
acting in the conventional blood clotting, was not

evolutionary created for the iron-induced pathway.
It is quite possible that iron overload and dietary de-
ficiencies in the intake of chelating and/or HR-scav-
enging agents are relatively recent phenomena, to

which humans had no time to adapt. Consequent-
ly, it seems that the epidemics of diabetes and car-
diovascular diseases observed in the last centuries

is the result of a dramatic departure of human race

from the so called primitive yet natural lifestyle. This

notion is supported by the observation that people

whose diet includes fruit, vegetables, and fish sup-
plemented with red wine (so called Mediterranean

diet) have lower cardiovascular mortality and mor-
bidity rate than those living in the developed coun-
tries and not following the above diet.?®
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STRESZCZENIE

Fibrynogen (FBG) jest wielkoczasteczkowym biatkiem osocza i prekursorem enzymatycznie wytwarzanej
fibryny. Jak ostatnio wykazano, FBG moze by¢ réwniez przeksztatcony w nierozpuszczalny fibrynopodobny
polimer pod wptywem nieenzymatycznego dziatania rodnikéw hydroksylowych (hydroxyl! radicals — HR).
Te wolne rodniki sg wytwarzane w wyniku reakcji miedzy wodorotlenowymi grupami wody a tréjwar-
toSciowymi jonami zelaza, bez udziatu jakiegokolwiek czynnika redoks. Interakcja miedzy HR a FBG
zachodzi w uktadzie oczyszczonym oraz w osoczu i w petnej krwi. Analiza za pomoca elektronowego
mikroskopu skaningowego (scanning electron microscopy — SEM) skrzepéw fibrynowych wytworzonych
przez trombing oraz w obecno$ci chlorku zelaza wykazata ich zasadnicze réznice morfologiczne i rézng
podatno$¢ na enzymatyczng degradacje. Widkna fibrynowe powstate pod wptywem trombiny sg grube
i tatwo rozktadane przez chymotrypsyne, natomiast gesto upakowane depozyty fibryny powstajace
pod wptywem jonéw zelaza sa, z powodu obecnych w nich miedzyczasteczkowych wigzan hydrofobo-
wych, w znacznym stopniu oporne na degradacje enzymatyczng i chemiczng. Postulujemy zatem, ze ta
katalizowana przez zelazo reakcja przedstawia nowy mechanizm krzepnigcia krwi w chorobach degene-
racyjnych. Za pomocg analizy SEM wykazali$my obecno$¢ takich gesto upakowanych ztogéw fibryny
we krwi chorych na cukrzyce. Stan nadkrzepliwo$ci krwi i powikfania sercowo-naczyniowe spotykane
w cukrzycy mozna zatem ttumaczy¢ statym dziataniem wolnego zelaza in vivo. Co wigcej, wykazalismy,
ze jony zelazowe wytwarzajg rozpuszczalne protofibryle, ktére wigzg sie do hydrofobowych rejonéw na
btonach komdrkowych czerwonych krwinek. Zjawisko to moze ttumaczyé¢ zaburzenia reologiczne krwi
obserwowane u chorych z zespotem metabolicznym oraz innymi chorobami wywotanymi nadmiarem
zelaza. Nalezy zaznaczy¢, ze HR moga by¢ skutecznie zmiatane przez substancje fenolowe, dlatego pewne
naturalne substancje polifenolowe, ktére réwniez zmiatajg HR, mozna uzna¢ za substancje o potencjalnym
dziataniu przeciwcukrzycowym. Ponadto naturalne lub syntetyczne substancje wigzace zelazo mozna
réwniez rozpatrywacé jako nowg klase lekéw przeciwcukrzycowych.
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