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Abstract

Improving material biocompatibility has been a continu-
ous effort and remains a major goal of dialysis therapy.
In this respect, vitamin E-modified copolymers have
been used to produce a generation of biomaterials that
has offered new clinical challenges and the chance of
further improving the quality of synthetic hemodialyser
membranes. This mini review article describes the evo-
lution of these copolymers that only recently have been
adopted to develop new vitamin E-modified polysulfone
hemodialysers. Biomaterial characteristics and clinical
aspects of these membranes are discussed, starting
from the most recent contributions that have appeared
in the literature that are of interest for the community
of nephrology and dialysis specialists, as well as bioma-
terial scientists.
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INTRODUCTION

By definition, a vitamin E-derived copolymer is a mac-
romolecular complex of natural or synthetic origin with
repeated subunits connected by covalent chemical bonds
that contain vitamin E as a stable modifier. This is a fat-
soluble antioxidant vitamin (Figure 1A) with 8 natural
vitamers and several synthetic analogues so far produced
for nutritional and pharmacological purposes' ™.

In the eatly 1990s, vitamin E copolymers were devel-
oped and used for the first time to produce hollow-fiber
hemodialyser membranes that soon after were introduced
in clinical practice, first in Japan and then in Europe. The
aim of that pioneering biomaterial technology was to
coat the blood surface of both cellulosic and polysulfone
(PS)-based hemodialysis membranes (Figure 2) with a
physiological molecule present in cell membranes and
circulating lipoproteins. The ultimate goal was that of
achieving higher biocompatibility and antioxidant protec-
tion in the extracorporeal circulation. Available knowl-

edge cannot disclose if these two features ate separated
by a functional dichotomy or are just two faces of the
same vitamin E-derived function. Actually, vitamin E is
a physiological fat-soluble micronutrient with ubiquitous
distribution in solid tissues and body fluids and so it is
biocompatible by definition. Clinical studies examined in
this review paper have provided conclusive recognition
of the good level of biocompatibility reached by the last
generation of PS-based vitamin E-modified dialysers.
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At the same time, vitamin E has well-known antioxidant
propertiesm, functioning as a hydroperoxyl radical scaven-
ger and chain breaker (i.e., inhibitor of the chain reaction
of lipid peroxidation) and as a H-atom or electron dona-
tor. Antioxidant effects are due to the hydroxyl group in
position 6 of the chroman ring in the vitamin E structure
(Figure 1A) and have been conclusively confirmed 2 vitro
for the coating of vitamin E of the hollow-fiber dialys-
ers?. Clinical studies have demonstrated effects of pre-
vention against oxidative stress markers and particularly
on lipid oxidation and low-density lipoprotein (LDL)
damage[éfg]. These pieces of evidence pave the way to
the definition of “interactive or functional membrane”,
which extends the concept of biocompatibility to include
that of (antioxidant) bioactivity. Besides filtration and
biocompatibility, antioxidant bioactivity represents a third
and original dimension in the functional chart of hemo-
dialyser membranes recently desctibed in"”.

As recently shown by Dahe ¢ al'”| other analogues
of this vitamin, such as D-q-tocopheryl polyethylene gly-
col 1000 succinate (TPGS; Figure 1A), could be used to
produce biocompatible copolymers that may have future
application in hollow-fiber membrane production tech-
nology. Several of the synthetic derivatives of vitamin E
are, however, “redox-silent” and this is the case of TPGS.
Therefore, TPGS-derived copolymers cannot claim to
express the “antioxidant bioactivity” of vitamin E. Syn-
thetic derivatives of tocopherols and tocotrienols include
promising antioxidant agents, such as amine derivatives,
recently charactetized in our laboratories!"".

These innovations and a brief historical overview of
the literature of vitamin E-modified hemodialysers are
presented in this mini review papet.

HISTORICAL AND CLINICAL OUTLINE OF
VITAMIN E-DERIVED COPOLYMERS FOR
HEMODIALYSIS THERAPY

Vitamin E-derived copolymers for hemodialysis therapy
were originally produced by Terumo Co., Japan, and in-
troduced in clinical practice in the early 1990s as cellulosic
membranes coated with a-tocopherol (Figure 1A)7, Syn-
thetic dialyser membranes modified with vitamin E have
been developed starting from these prototypal mem-
branes and at the beginning of 2000, Ashai Kasei Medi-
cal Co., Japan, launched a composite PS-polyvinylpyrrol-
idone (PVP) copolymer embedded with a-tocopherol
(Figure 2) that is marketed with the commercial name of
VitabranE™,

Extensive investigation of these dialyser membranes

over more than two decades of clinical practice and i vitro
studies"”, demonstrated that coating cellulosic mem-
branes with vitamin E helps to prevent lipid oxidation
and LDL damage as cardiovascular risk factors for chron-
ic kidney disease (CKD) patients treated with cellulosic
and even synthetic dialyser membranes®”. This effect was
confirmed in subjects treated with VitabranE™, i.e., PS-
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PVP membranes modified with vitamin E", and appears
to be the consequence of an antioxidant effect of these
membranes. Such an antioxidant activity was conclusively
identified and quantified in this laboratorym using a re-
circulation model system in which the actual antioxidant
power of VitabranE minimodule dialysers was measured
together with the quota of vitamin E that is active at the
blood-biomembrane interface.

In recent years, the introduction of vitamin E-modi-
fied PS-PVP in clinical practice has renewed interest and
stimulated further clinical research on these membranes.
Several aspects of CKD comorbidity have been inves-
tigated and early randomized trials have described that
these PS-PVP modified membranes may help to alleviate
the resistance to erythropoiesis stimulating agents and to
reduce, to some extent, sub-clinical markers of inflamma-

[13-15] [16

tion" "7, intradialytic hypotension I and anti-coagulation

therapy[1 7

BIOCOMPATIBILITY AND ANTIOXIDANT
BIOACTIVITY: THE MECHANISM OF
ACTION OF VITAMIN E COPOLYMERS

If this burden of clinical evidence is confirmed in further
trials of larger proportions, this copolymer will represent
one of the highest examples of biocompatibility in dialy-
sis therapy. As introduced above, vitamin E copolymers

can offer a functional extension of the concept of bio-
compatibility, which deals mainly with a better control of
blood cell activation, towards the inclusion of antioxidant
bioactivity that may provide protection against lipid per-
oxidation and other oxidative reactions occurring in the
extracorporeal circulation. The functional dichotomy
between biocompatibility and antioxidant function could
be trivial and available data are not sufficient to define
whether these are distinct functions of the same molecule
of just two faces of the same vitamin E-derived function.
Actually, this fat-soluble vitamin is a physiological, and
so biocompatible, component of blood cell membranes
and lipoprotein particles, which operates to maintain the
physical and chemical characteristics of these lipid micro-
environments. If, on one hand, the main function for the
vitamin E used as a coating agent is that of masking the
structure of other components of the copolymer, thus
avoiding their contact with blood components, then on
the other hand, vitamin E is a lipophilic antioxidant"’
with the importance in the scavenging of hydroperoxyl
radicals (Figure 3A) in the plasmalemma and in the body
of lipoprotein particlesm. Vitamin E also stabilizes the
physical structure of lipid bilayers, showing strategic
localization (penetration) and movements that produce
key lipid-lipid interaction in actual cell membranes. This
function is facilitated by the phytyl chain and is strategic
to explaining the dynamic activity of vitamin E as an
anti-peroxidative molecule in complex lipid structures.
Actually, during lipid peroxidation reactions, the antioxi-
dant function of vitamin E produces a tocopheryl radical
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Figure 1 Molecular structure of some forms of vitamin E. A: o-tocopherol (top) and its redox-silent synthetic analogue TPGS 1000 (bottom); B: Some examples of
vitamin E analogues with antioxidant activity: the synthetic formsa.-tocopherylamine (top) and Trolox (middle), and the hepatic short-chain metabolite a.-CEHC (bottom).
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Figure 2 Schematic structure of the PS-PVP based copolymer functionalized with o-tocopherol. Kindly provided by the R and D department of Ashai Medical,
Tokyo, Japan.

intermediate that has higher stability than hydroperoxyl by cytosolic antioxidants such as vitamin C (ascorbic
radicals formed on polyunsaturated lipids. This relatively acid). These steps ultimately avoid the progression of
stable radical intermediate of vitamin E delocalizes from lipid peroxidation chain reactions.

the oxidation sites to the water interface on the outer part Moreover, vitamin E has other and so far poorly un-
of the cell membrane to undergo physiological recycling derstood biological properties that appear to arise from
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Figure 3 Coupled redox reaction of vitamin E and vitamin C (co-antioxidants) during the reduction (scavenging) of peroxyl radicals (A) and proposed
scheme of the mechanisms that may lead vitamin E copolymers to control the flux of reactive oxygen species in the extracorporeal circulation (B). ROS:
Reactive oxygen species; Vit C: Ascorbic acid; Vit C: Ascorbate anion; Vit C*: Ascorbyl radical anion; DHA: Dehydroascorbate; O2: Molecular oxygen; Oz*: Superox-
ide anion; e/H": Electron/proton; T-OH: Tocopherol; T-O*: Tocopheryl radical; ROOH: Peroxyde (reduced form); ROO*: Peroxyl radical.

18,19 .
R Y instance,

antioxidant-independent mechanisms
besides physiological lipid-lipid interactions, the chro-
man ring and the hydrophobic tail (Figure 1) represent
functional domains that may lead vitamin E molecules
to interact with the hydrophobic moieties of surface
proteins of blood cells, and may provide the physiologi-
cal environment for the hydrophobic interaction with
main plasma proteins and particularly with albumin, i.e.,
a circulating ligandin operating a low-affinity binding of
vitamin E as well as free fatty acids and several other fat-
soluble molecules. Worthy of note, this interaction may
ultimately affect the antioxidant activity of vitamin E””
and could influence that antioxidant status of serum al-
bumin, a main sacrificial target of oxidative reactions in
the uremic blood”",

Antioxidant activity of natural substances often co-
exists with anti-inflammatory properties that have been
described both 7 vitro and in vive for this vitamin, as well
as for some of the physiological products of its metabo-
lism, such as carboxyethyl-hydroxychromans, long chain
metabolites and tocopheryl—phosphatem].

Although some of these (non-antioxidant) biological
effects of vitamin E could be hindered to some extent
by the immobilization on the copolymer structure, their
existence suggests different biological mechanisms and
clinical applications of vitamin E copolymers. Accord-
ingly, clinical and biological evidence of the antioxidant
effects of vitamin E copolymers could be also ascribed
to the effect that the improved biocompatibility of this
type of biomaterials may exert on blood cells (mainly
leukocytes), mitigating their activation during the contact
with the dialyser membrane. And antioxidant effects of
the other vitamin E copolymers could be erroneously as-
cribed to the indirect effect that an improved biocompat-
ibility exerts on the production of reactive oxygen species
(ROS), by a lowered leukocyte activation (Figure 3B). In
this respect, NADPH-oxidase, myeloperoxidase and the
inducible isoform of nitric oxide synthase, i.e., INOS, can
be involved as the main ROS generating enzymes, and
both tocopherols and tocotrienols have been described
to produce inhibitory effects on enzymatic and transcrip-
tional events of these inflammatory and ROS generating
pathways[2’3’23]. Accordingly, cellulosic membranes coated
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with vitamin E produce lower leukocyte activation and
thus lower generation of ROS than uncoated mem-
branes”, This is expected also for VitabranE™ dialyser
membranes that have been recently suggested to lower
inflammatory indices in HD parients[li].

Further investigation of the anti-inflammatory contri-
bution that vitamin E can provide to the biocompatibility
of hemodialysis copolymers is awaited. In this respect,
future trials should take into account that antioxidant and
non-antioxidant responses to vitamin E in humans varies
on an individual (genetic) basis"”. This was also recently
documented for the anti-inflammatory response to oral
vitamin E in individuals assessed for the polymorphic ex-
pression of main inflammatory genes[ZS].

OTHER VITAMIN E-COPOLYMERS AND
THEIR POSSIBLE APPLICATION TO
HEMODIALYSIS THERAPY

A recent study by Dahe ef /" reported on a new PS-
based hollow fiber membrane incorporating from 5% to
20% (w/w) TPGS (Figure 1A). This study demonstrates
that synthetic derivatives of vitamin E obtained starting
from the backbone of natural vitamers can be used to
develop other vitamin E copolymers, thus contributing
new generations of biocompatible and possibly func-
tional biomaterials for hemodialysis therapy. Several of
these synthetic forms of vitamin E have been prepared
and investigated by us and others'™ as pharmacological
agents of possible relevance in cancer and other immu-
no-inflammatory diseases.

Biocompatibility and separation performance of these
new TPGS-PS fibers were assessed with different 7z vitro
methods and the reported results suggest the achieve-
ment of an “enhanced biocompatibility”. The authors,
however, incorrectly claimed this biomaterial as “antioxi-
dative composite PS” and this definition was supported
by the definition of TPGS as “biologically active vitamin
E”.

TPGS is not an “antioxidative” molecule but rather
a redox-inert detivative of vitamin E. Indeed, the suc-
cinylation of the chroman ring that serves to produce
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TPGS, as in the case of a-tocopheryl succinate that is
the prototypal succinyl ester of g —tocopherol with well
known anti-cancer activity'", is operated in position 6 by
esterification on the hydroxyl moiety that provides the
classical antioxidant function to the vitamin E molecule
(for further structural and biological details on synthetic
derivatives of vitamin E see!™” and the references there-
in). This esterification prejudices the radical scavenging
and electron donating properties of a-tocopherol. It is
worthy of note that TPGSs (there ate ester detivatives
of a-tocopherol with PEG chains from 4 to 136 mono-
metic units and molecular masses from 200 to 6000 kDa,
respectively) have completely different properties when
compared with authentic a-tocopherol (see structural fea-
tures in Figure 1A). TPGSs are redox-silent forms of vi-
tamin E comprised of a hydrophilic polar (water-soluble)
head and a lipophilic (water-insoluble) alkyl tails. These
behave as non-ionic surfactants and TPGS100 is the
most widely used, from applications in cosmetics and the
pharmaceutical industry. Actually, this is a solubilizer and
emulsifier that is used as a vehicle for lipid-based drug
delivery formulations™, being recognized as a biocom-
patible compound with defined molecular stability and
pharmacological properties”™. This means that the most
likely biological consequence of incorporating TPGS or
other synthetic redox-silent derivatives of vitamin E into
PS-like copolymers, is that of producing an inert (eventu-
ally less bioactive) biomaterial, which may represent an
advantage in terms of biocompatibility, but not any direct
antioxidant or radical scavenging effect. Structural inves-
tigation by Dahe e# a/'" suggested that TPGS is stabilised
in the fiber structure, which is key to exclude that the
modifier would be released under normal operative con-
ditions in the patient’s blood. I vitro data have demon-
strated that this is the case of the vitamin E embedded in
the copolymer of VitabranE™ dialyser membranes and
covalently bound to the PS-PVP copolymer. Accordingly,
the treatment with these membranes does not influence
blood levels of vitamin E of the patientm.

The molecular stability of TPGS copolymers should
be assumed as a positive feature. The possibility that
TPGS would be exposed or released from the com-
posite PS may offer a chance for untoward biological
consequences due to the pharmacological effects of this
molecule that include, for instance, the inhibition of
metabolic enzymes as the ATP-dependent pump p-glyco-
protein”. Alternatively, TPGS could liberate free vitamin
E by enzymatic de-esterification through the activity of
endogenous esterases. These enzymes could be released
after blood cell damage on the surface of the membrane
dialyser. Neither the release of TPGS nor that free (and
thus bioactive) vitamin E from TPGS have been inves-
tigated in detail by Dahe e/ al"” which are aspects of
possible interest deserving further consideration in the
future. Recirculation experiments carried out as described
in™ or cell uptake tests could be used to investigate these
points dealing with stability and pharmacological activity
of vitamin E biomaterials.
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This aspect was also preliminarily investigated by
means of 7 vitro biocompatibility tests for the TPGS-PS
Copolymer“o]. The production of ROS by cells main-
tained in culture with TPGS-PS hollow fibers was lower
than in unmodified PS but available information cannot
conclusively demonstrate if this is due to TPGS activity
and bioavailability. At the same time, 7 vitro biocompat-
ibility tests carried out with the approach of fibers main-
tain;ﬁl in a static cell culture used in the study by Dahe
et al'’

in static contact with the external surface of the fibers

can produce artifactual results, being the cells

which may have different composition and morphology
with respect to the inner surface. Circulation experiments
are more appropriate to simulate the type of interaction
(or contact) occurring 7 vivo between the plasmalemma
of blood cells and the inner surface of the hollow fibers.
This aspect suggests the need for further investigation by
suitable circulation model systems and appropriate con-
trols to conclusively define biocompatibility characteris-
tics described for TPGS-PS hollow fiber membranes.

Other synthetic detivatives of vitamin E recently in-
vestigated in this laboratory may provide functionalised
copolymers of interest to dialyser membrane technology.
Amine derivatives of tocopherols and tocotrienols, such
as q-tocopheryl amine (Figure 1B), have been demon-
strated to be effective antioxidants in different model
systems that include radical scavenging and electron
transferring reactions' . Importantly, preliminary data
suggest that tocopheramines may provide higher radical
scavenging activity than o-tocopherol in polar solvents
(i.e., under reaction conditions mimicking, for instance,
the lipid-water interface of plasma lipoproteins), while
a-tocopherol was found to be a superior scavenger in
organic solvents (i.e., the conditions of reaction found
within the lipid structure of a lipoprotein particle) that is
in agreement with other studies comparing this natural
form with other vitamin E forms'".

Short chain metabolites and the pharmacological
analogue Trolox (Figure 1B) are also redox-active forms
of possible interest in the development of copolymers.
These types of derivatives lose most of the phytyl tail
of tocopherols and tocotrienols, which ultimately low-
ers their hydrophobic strength. Prototypal copolymers
have been produced in our laboratories using activated
cellulose beads as support backbone and preliminary
characterization demonstrated that the hydroxylic groups
of the cellulose backbone were blocked by the modifiers
and these maintained their antioxidant activity (Galli F,
unpublished observation).

CONCLUSION

In conclusion, vitamin E-derived copolymers, already

introduced in clinical practice, have clearly shown the
potential for providing one of the highest standards of
biocompatibility, remaining a unique example of bioma-
terial with application in the antioxidant therapy of CKD
patients on regular HD. In this context, the reference co-
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polymer used to produce hollow-fiber membranes for
clinical use is vitamin E-modified PS-PVP. New genera-
tions of vitamin E copolymers such as the redox-silent
TPGS-PS are now approaching the field of biomaterials
for HD therapy with promising biocompatibility and
filtration performances that need to be confirmed with
further pre-clinical and clinical investigation. Many redox-
silent and -active derivatives are available to design other
functionalized copolymers with anticipated antioxidant
and/or biocompatibility propetties.
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