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Chapter 6
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HYALURONAN DEGRADATION BY
OXIDATIVE SYSTEM CU(II) PLUS ASCORBATE

Katarina Valachovd', Raniero Mendichi’ and Ladislav Soltés"
'Institute of Experimental Pharmacology, Slovak Academy of Sciences,
SK-84104 Bratislava, Slovakia
"Istituto per lo Studio delle Macromolecole, Consiglio Nazionale delle Ricerche,
1-20133 Milan, Italy

ABSTRACT

The antioxidative effect of L-glutathione (GSH) on the degradation of high-molar-
mass hyaluronan was studied in an oxidative system composed of Cu(Il) plus ascorbic
acid by using rotational viscometry. GSH added to the oxidative system in sufficient
amount resulted in total inhibition of hyaluronan degradation. Contrary to this result,
(iSH tested in a trace concentration was shown to act as a pro-oxidant. By combining the
method of size-exclusion chromatography and that of rotational viscometry, the molar
masses as well as the radius of gyrations of the biopolymer recovered from the oxidative
system was determined.

' Keywords: Free radicals, Hyaluronan degradation, L-Glutathione, Rotational viscometry,

Size exclusion chromatography, Synovial fluid

INTRODUCTION

Bioanalysis is usually understood as a determination of one or more specific analytes
within a biological matrix. A typical bioanalytical assay represents e.g., the determination of a
xenobiotic/drug in blood plasma. Various methods have been available for analysis of low-
molar-mass xenobiotics. Frequently, novel approaches are being published. The goals to

" l-muil: ladislav.soltes@savba.sk
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establish novel analytical methods for the determination of a given xenobiotic are governed B
on the one hand by sophistification of analytical tools, on the other hand by selectivily, '
sensitivity. etc., necessary to fulfill the requirements for deeper insight into the complexity of '
biosamples themselves. :

Let us assume, however, that the xenobiotic tested is a macromolecular compound. A~
biological sample is really a very comp]ex mixture thigh and low-molar-mass compoumh P

knowledge of its average molar mass can provide relevant information about the presence of
absence of an inflammation within the synovial fluid (SF) of a joint. The mean molar mass of
HA in SF of healthy individuals is 6-10 megaDaltons. This value, however, diminishe
significantly in arthritic diseases. e.g., in osteoarthritis and rheumatoid arthritis, where I
mean HA molar mass could reach only hundreds of kiloDaltons. :
The primary determinant of the HA molar mass within a SF sample could be estimated
from the dynamic viscosity of this body fluid. As demonstrated and advocated by Conrad o 5
al. [1], currently SF samples of the volume < 20 uL could completely fulfill the requircmer
of a quick and precise sample analysis. Figure 1 shows an example [1, 2]:

500

400 -

Viscosity (cp)
[
=
()

200 -

100

Chronic Norma
Disease Status

Figure 1. Synovial fluid viscosity measured in dogs with different stages of disease.

Viscosity is found to be an extremely good marker since there is a difference of about ofj#
order of magnitude between the viscosity of SF of healthy and affected subjects (cf. Figure |
Analysts, however, show rather a reluctance to introduce routinely viscometry as a propf
device for SF viscosity determination and to accept sample viscosity values as a diagnostli
tool. Why? The primary reason is the observed instability of the SF viscosity itsell. In (|
very course of measurements, it exhibits a rapid reduction. ]

Numerous papers have appeared concerning the degradation of high-molar-mass 1A
samples by the action of free radicals [3—11]. In light of these findings, the trace transi|
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fuvtals along with ascorbate within the withdrawn SF sample may be considered the potential

determinant of the decay of HA macromolecules. As shown, these two endogenic ingredients,
fin contact with oxygen either present in SF or absorbed/dissolved into the body fluid, start a
sipnilicant HA degradation even under anoxic conditions [12].

l'o protect biosamples from e.g., oxidation, several “antioxidants™ could be primarily
nipplied into the sample to be assayed. L-Glutathione (GSH), an endogenic antioxidant,
lilongs among the most efficient substances protecting the cells against reactive oxygen
rpecies (ROS) escaping from mitochondria. We did attempt to involve this xenobiotic in our
model situation; i.e., we exposed high-molar-mass HA under aerobic conditions to the action
il Cu(ll) plus ascorbate. The degradation of biopolymer macromolecules was monitored by

fhe method of rotational viscometry. The protective effect of GSH was then assayed by
~ working with the antioxidant concentration between 10-200 uM. GSH was added to the

I

Ank B

T

Wi

?Z'_(‘Ilcmicals
B

feaction system at the beginning of HA degradation. Along with rotational viscometry. a size
¢xclusion chromatographic (SEC) device equipped with an on-line multi-angle light-

wnttering (MALS) detector was employed.

EXPERIMENTAL

liopolymers

I'he high-molar-mass hyaluronan sample P9710-2A (for specific characteristics, see
fable 1) used was donated by the Lifecore Biomedical Inc., Chaska, MN, U.S.A.

NaCl and CuCl,-2H,0 with analytical purity grade were purchased from Slavus Ltd.,

'_:_-:Ih:nixlava, Slovakia; L-ascorbic acid was purchased from Merck KGaA. Darmstadt,

B T T R T T e T Y

e

* (ermany; L-glutathione was purchased from Sigma-Aldrich Chemie GmbH, Steinheim,

:_{h'nn:m)h Redistilled deionized high-quality grade water, with conductivity of < 0.053
ji8/em, was produced by using the TKA water purification system (Water Purification
hystems GmbH, Niederelbert, Germany).

I'reparation of Stock and Working Solutions

The working solutions of the HA samples (2.5 mg/mL) were prepared overnight in the
tlark at room temperature in 0.15 M aqueous NaCl in two steps: first, 4.0 mL of the solvent
wirs added in the morning. Then, 3.85 mL of the solvent was added after six hours. The stock

- wolutions of ascorbic acid (16.0 mM), GSH (8.0, 16.0 and 32.0 mM), cupric chloride (16.0

mM. diluted to a 160 puM solution), were also prepared in 0.15 M aqueous NaCl.
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Study of Uninhibited/inhibited Hyaluronan Degradation

Antioxidative effects of the chosen thiol. GSH. on the kinetics of degradation of higl-
molar-mass HA sample (20 mg) were tested in the oxidative system comprising Cu(ll) plis
ascorbic acid by adding the drug before the reaction onset. The experimental set (Figurc )8
was carried out by adding the thiol at the beginning of degradation: HA solution was stirred
for 30 seconds, then the solution of 50.0 ML of 160 uM CuCl, solution was added and stirred =
for 30 seconds and left to stand for 7.5 minutes at ambient temperature. GSH in the volume of
50.0 uL (1.60, 8.0, 16.0, and 32.0 mM) was added to the solution, examined, and stirred agali '
for 30 seconds. Finally, 50.0 uL of ascorbic acid (16.0 mM) was added and stirred for M
seconds. GSH concentrations in the degradative system tested were 10, 50, 100, and 200 '

The results of the settings were compared with the reference experiments in the absence of ¢
GSH. :

Rotational Viscometry

The resulting reaction mixture (8.0 mL) was transferred into the Teflon® cup reservoir of
the Brookfield LVDV-II+PRO digital rotational viscometer (Brookfield Engineering 1.abi,
Inc., Middleboro, MA, U.S.A.). Recording of the viscometer output parameters started lw
minutes after the experiment onset. The changes of dynamic viscosity of the system w :
measured at 25.0 + 0.1 °C in three-minute intervals for up to five hours. The viscome
Teflon® spindle rotated at 180 rpm, i.e., at the shear rate equaling 237.6 s To determine
reaction products, the reservoir content was transferred into 20 mL of 96% ethanol, giving
rise to precipitation of the polymer. The following day, the polymer precipitate wn'_.
thoroughly rinsed with 20 mlL of 96% ethanol, centrifuged, and dried in a desiccator. T

dried polymeric product was obtained in the form of a firm pellet. The recovered produtt:
yield was 75%.

Chromatographic System

The molar mass distribution (MMD) of HA samples was obtained by a modular mulf|¢
detector size exclusion chromatographic system. The SEC system consisted of an Allianeg
2695 separation module from Waters (Milford, MA, USA) equipped with two on-liig
detectors: a MALS Dawn DSP-F photometer from Wyatt (Santa Barbara, CA, USA) and
2414 differential refractometer (DRI) from Waters, used as concentration detector. The setifi”
of this multi-detector SEC system was serial in the following order: Alliance-MALS-Dt|;
Considering the high-molar mass of the HA samples analyzed, a relatively low flow ratc, 0.4
mL/min, was used to avoid the shear-degradation of the polymer in the SEC columns. I |
experimental methodology for a reliable use of the MALS photometer was described in de(yll
in the literature [13-15]. 4

The experimental conditions of the SEC-MALS system were the following: Two TSK el
columns (G6000-G5000) from Tosoh Bioscience (Stuttgart, Germany); mobile phase: (.14 i
NaCl: temperature: 35 °C: degassing: vacuum; injection volume: 150 HL:  polymeéf
concentration: 0.1-0.3 mg/mL on the basis of the HA molar mass. '
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Multi-Angle Light Scattering detector uses a vertically polarized He-Ne laser, 2=632.8
nm. and simultaneously measures the intensity of the scattered light at 18 fixed angular
loeations ranging in aqueous solvent from 14.5° to 158.3°. It is well known that an on-line
MALS detector coupled to a concentration detector allows to obtain the true molar mass (M)
and the size, i.e.. the root mean square radius (<s*>"), hereafter denoted as radius of gyration

IRg, of each fraction of the eluting polymer. The MALS calibration constant was calculated
using toluene as standard assuming a Rayleigh factor R(0)= 1.406x10° cm™. The
normalization of the photodiodes was performed by measuring the scattering intensity in the
muobile phase of bovine serum albumin (M = 66.4 kDa, Rg = 2.9 nm), the globular protein
was assumed to act as an isotropic scatterer.

Specific refractive index increment (dn/dc) of HA with respect to the mobile phase was
obtained from the literature [14]. The dn/dc value for HA in 0.15M NaCl is 0.15 mL/g.

RESULTS AND DISCUSSION

Rotational Viscometry

As seen in Figure 2, the addition of the two actors of HA oxidative damage, i.e., Cu(ll)
| lus ascorbate (1.0 uM plus 100 pM), led within five hours to a significant reduction of the
| kolution dynamic viscosity value from 9.93 mPa's to 6.53 mPas. It is a well-known fact that
~ (he combination of ascorbate plus Cu(Il) under aerobic conditions is an efficient *OH radical
jtencrating system called the Weissberger system [16]: since ascorbate acts as a powerful
h feducing agent with a standard reduction potential of +0.282 V at pH 7 for the redox couple
| Ascll® /AscH, it should reduce Cu(ll) to Cu(l). Thus, taking into account that the reduction
'_:pnluulial of the pair Cu(11)/Cu(l) = +0.16 V, Cu(l) should be able to reduce O, molecules to
; yleld directly HyO, [17-19]. The generated Cu(l) ions immediately yield ‘OH radicals

- ecording to the Fenton-type reaction:

Cu(l) + Hy0, — Cu(ll) + HO® + HO™

_ Due to its extremely high affinity for hydrogen, the generated "OH radical abstracts from
Elhc I1A macromolecule the radical H®, giving rise to a radical termed below A® for the sake of
-"ﬂhumicily. After this phase, called initiation, a phase called propagation follows. Within this
. phase under aerobic conditions, the radical A® reacts with atmospheric oxygen yielding
AOO", which can naturally participate in the reactions leading to further production of A*
-{M )O' + HA — AOOH + A"). By continuing the latter propagation reaction, along with the
:.[enctinn with atmospheric oxygen, still more generated AOO® radicals can undergo
_ {ingmentation reactions yielding polymer fragments with a reduced molar mass [20]. Both
:mu'linns A*+HA — HA + A” and AOO" + HA — AOOH + A® can be classified as reactions
& by which the active radical site is transferred to another macromolecule. However as a rule,
iich o transfer reaction does not have any significant effect with regard to the potential
* jetardation  or termination of the radical degradation/fragmentation of the HA
llmcmmnlecules. As demonstrated by many studies (see reviews [21, 22]), specific
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]

scavengers/drugs are required to ensure retardation/inhibition of the propagation phase of 1A é
degradation. It can be thus legitimately assumed that drug molecules most likely provide the
radicals A® with their own [{°* radical, by which step drug molecules are converted to radicaly, i
which can recombine in the reaction medium. The simultaneous decrease or the complete i

1ay lead to a pronounced retardation or even to -

evident that the addition of 10 uM
macromolecules. However since the ¢
GSH, the transfer and the follow
complete. Yet the increase of the

oncentration of "OH radicals was higher than that of ';__
ing termination steps of the radical reactions were nof

applied concentration of GSH to 50 KM (curve coded 2)
stopped any decrease of the HA solution dynamic viscosity. From this observation, one could

conclude that under the given experimental conditions the efficiency of the generation of *(1|
radicals is somewhere below 50%. Namely, at the total efficiency of the ascorbate (100 pM)
conversion to H,0,, the yield of the *OH radicals should be 100 HUM. However, this is not true
since already 50 uM GSH inhibited completely

the degradation of HA solution. It should he :
pointed out here that the addition of GSH in greater excess to ascorbate (up to 2:1) does nof =
generate the well-known glutathyil radicals:

GS® + GSH — [GSSGHT'

which under aerobic conditions could vield further *OH radicals by the sequence of (he S8
following reactions

[GSSGH]" + 0, — GSSG + HO,'

HO," + HO," — H,0, + 0,

H,0; metal catalyzed decomposition — *OH radicals

he content of GSH (50 uM) efficient

macromolecules after five-hour treatment, (he
solution was precipitated by its insertion into ethanol. The precipitated biopolymer wy |

subsequently analyzed by the chromatographic method concerning the polymer molar musy
distribution. |

SEC-MALS

Table 1 summarizes the more important results obtained by using the native HA samplo
(P9710-2A) and that recovered after the above presented sample treatment, which is marked
as P9710-2A,.c using the SEC-MALS system. Table 1 reports the usual averages ol (h
molar masses (numeric- M,. weight- M,,, and z- M.). the molar mass of the peak ol the

chromatogram M,, the dispersity indexes (M,/M, and M./M,,), and the dimension Rg ol the =
macromolecules. ¥
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Dynamic viscosity [mPa-s]

Time [min]

~.rz 2. Time dependence of dynamic viscosity of the HA P9710-2A solution in the presence of 1.0
“uCl,and 100 uM ascorbate (0). Effect of 10 (1), 50 (2), 100 (3). and 200 (4) pM GSH.

Table 1. Summarized SEC-MALS results of two HA samples

“zmple M, M, M, M, M./M, | M,/M, R,
kDa kDa kDa kDa -/= -/= nm

"2T10-2A 966.7 347.0 841.5 13058 [ 2.4 1.6 93.5

P9710-2Ac | 399.6 215.6 411.0 606.5 1.9 1.5 61.0

Figure 3 represents the differential MMD of the two samples, i.e.. the native HA sample
“10-2A and that recovered after the above presented treatment — P9710-2A,,,.. . Despite the
“fied expectation, the average molar masses determined for the sample P9710-2A,,.. were

—:ticantly lower than those valid for its parent P9710-2A biopolymer.

As can be assumed from Figure 4. the conformation, i.e., the molecular dimensions R, as

nction of the molar mass, of the two biopolymers do not differ to such a degree that one
=2 1o admit a significant change in shape or stiffness in the case of the dissolved HA
=zcromolecules of the sample P9710-2A . -

One of the reasons why the molar masses of the sample P9710-2A,,.. differ from those
~ch can be expected on the basis of the results represented in Figure | is that the
~olvmer precipitate degraded during a long-time (one-day) dissolution before the SEC-
LS analysis. To prove or disprove this conclusion. we re-analyzed the P9710-2A..
stion by using the rotational viscometric device. As observed, really the value of the
~tion dynamic viscosity was significantly reduced. Its value 5.30 mPa-s was far below that

- .z valid for the intact sample P9710-2A. i.e. 9.93 mPa-s.
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Figure 3. Comparison of differential molar mass distribution of intact P9710-2A (1) and P9710-2A,,..
(2) samples.

To estimate the value of the average molar mass of POT10-2A. we attempted also 1o
use an empirical plot constructed from the values of dynamic viscosities of some previousis
run samples [23]. By taking into account that at the second minute of the determination the
dynamic viscosity value of the P9710-2A,c solution equaled 5.30 mPas. one can estimate
the molar mass parameter for this sample to be approx. 502 kDa. This calculated molar mass
value actually relates quite nicely to that determined by SEC-MALS, i.e. 411 kDa (cf. M.
value in Table 1).

The assumed reason for the significant molar mass decrease of the sample PO710-2A,,.
compared to that of intact/native biopolymer P9710-2A is that by precipitating the polymer
from the solution to ethanol. the polymer along with Cu(ll) adsorbed also a certain amount of
unreacted GSH (and/or GSSG). A possible unfavorable effect of trace amounts of GSH in the
precipitate was therefore tested as follows: the measurement of dynamic viscosity of the
sample P9710-2A was performed using the method of rotational viscometry, where besides
two reactants Cu(Il) plus ascorbate (1.0 KM plus 100 uM), a trace amount of GSH. namely
1.0 uM was added.

As shown in Figure 5, the addition of GSH at the last tested concentration 1.0 puM
evidently potentiated the degradation of HA macromolecules in such a way that the rate of
dynamic viscosity decrease can be considered to be pro-oxidative.

On balance then (cf. Figure 2). one can assume that GSH exhibits excellent antioxidative
properties when added to the system in a proper amount. Yet when it is not present in a hi ¢h
enough concentration, there is a real risk that this substance will promote the degradation of
the biopolymer (cf. Figure 5).
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sure 4. Comparison of experimental conformation plot, Rg = f(M), of intact P9710-2A (blue) and

10-2A 5 (red) samples.
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* -ure 5. Time dependence of dynamic viscosity of the HA P9710-2A solution in the presence of 1.0
.1 CuClsand 100 pM ascorbate (0). Effect of 1.0 pM (1) GSH on HA degradation.
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