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BACKGROUND: Chrenic iron overload is 8 major cause of organ
failure worldwide, but {ts pathogenesis rematns 1o be elucidated.
OBJECTIVES: To examine in an experimental murine model of
iron-overload cardiomyopathy the relation between milk whey pro-
tein and, first, the producrion of reactive oxygen free radical species
and, sacond, antioxidant reserve status.

METHODS: B6D2F! mice were randomly aselgned to four meat-
ment groups (n=8 per treatment group): placebo control; iron only;
whey only; and iton with whey. Reactlve oxygen free radical species
in the heart were quantified by the cytotoxic aldehydes malondialde-
hyde (MDA), 4-hydroxy-nonenal (HNE) and hexanal, while antiox-
idant reserve status was quantlfied by glutathione (GSH) and
glutathione peroxlduss (GPx) acrivity in the heart tissuc.
RESULTS: Significantly decreased concentrations (pmol/100 my
wet weight tissue) of MDA (24681261), HNE (912+38) and hexanal
(5385£927) were observed {n the heart tissue of the group receiving
tron with whey, In comparison with the iron-only treatment group
(MDA 93072387, HNE 14162157, hexanal 14,874£2955; P<0.001),
Significantly increased GPx (141138 IU/L) and GSH (521136 [U/L)
actlvity were observed In mice receiving lron with whey, in comparison
with mice recelving iron only (GPx 100110 JU/L, GSH 446+33 IU/L:
P<0.001).

CONCLUSION: Mice receiving iron treatments with whey supple-
mentation had significantly lower concentrations of cytotoxic alde-
hydes and significantly higher cardiac levels of GPx and QSH
activity than did tron-only treated mice. Addivional husic rescarch i
warranted to examine the exact mechanisms by which mitk whey
protein protects the heart.
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La protéine de lactosérum réduit la production
de radicaux libres dans un modele murin de
cardiomyopathie par surcharge en fer
chronique

HISTORIQUE : La surcharge en fer chronigue cst unc eause impartante
d'insuffisance curdiaque de par le monde, mais sa pathogentse demeure
inconnue,

OBJECTIFS 1 Examiner, dans un modéle murin de cardiomyopathle par
surcharge en fer, le fien entre la protéine de lactosérum et, d'ahord la pro-
duction des espaces de rudicaux libres réactifs, puls le statut des réscrves
d'antioxydanta.

METHODOLOGIE : Dex soutis BED2FL ont & répartics au hasard
entre quatre groupes de tritement (n=8 par groupe) ¢ placebo, fer seule.
ment, lactosérum sculement et foe et lacrosérum. Les espices de radjcaux
libres réactifs duns fe coeur ont &€ quantifices par la malone dialdehyde
des aldehydes cytotoxiques (MDA), le 4-hydroxy-nonénal (HNE) et
I'hexanal, tundis que lc statur des réxerves d'ontioxydants ' été selon
Vaclvité de la glutathione (OSH) et de In glutathione péroxydase (GPx)
dans le tistu curdiaque.

RESULTATS : Des concentrations considémblement plus faibles
{pmol/100 my de tissus de poids frals) de MDA (2 4682261), de HNE
(912138) ct d'hexana! (5 3852927) ant été ohseevécs duns le tisu car-
dlague du groupe recevunt du fer et du lactosérum par rapport 4 celles du
groupe ne recevant que du fer (MDA de 9 307387, HNE de 1 416157,
hexanal de 14 874£2 955; P<0,001), Une augmentution murquée de I'ac-
tvité de 1a GPx (141238 UINL) er de la GSH (5212136 UI/L) a éré
ohservée chez les souris recevant du fer et du lactosérum prr rpporr A celles
ne recevant yue du fer (GPx de 100410 UI/L, GSH de 446433 UIL;
P<0,001).

CONCLUSION t Les soutis qui recevaicnt des traitements de fer acvom.
pagnés de suppléments de lactosérum préxentajent des concentmtions
consldérablement plus falbles d'aldéhydes cytotoxkjues et des taux car-
dinques d'zcrivité GPx et GSH considérablement plus élevés que les
sourls traitées seulement au fer. Des recherches fondsmentales supplé.
meneaites s'lmpasent pour examminer les mé&cunismes exuces selon lesquels
le Jactosétum prorége le cocur.

Iron is an esscntial element required by the human body for
metabolic functions such as oxygen transport and Is used hy
the cell a5 a catalyst for redox reactions required for energy
production. Conversely, in excess quantlities and unbound
from proteins, ‘frec-iron’ is highly cytotoxic (1-4). Iron toxicity
In the hearr tissue can lead 1o iron-overload cardiomyopathy, a
prevalent cause worldwide of death due to heart failure in the
second and third decades of life (5-7).

Hereditary (primary) hemochromatosls is the most com-
mon autosomal recessive disorder worldwide, with onc in 200
white persons homozygous for the disease (8-10).
Approximately 30% of patients with chronic iron overload die
of iron-induced cardiac complications including heart failure
and arthythmias (6,9,11,12). The risk of developing iron-
induced heart failure is also present in patients with secondary
forms of hemochromatosis (for example, beta-thalassemia major
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und sickle cell disease) due w the chironic blood transfusion
(5,6,13,14). African iron ovarluad (Bantu siderosig) is a dis-
tinct form of iron overload thar results from excessive inges-
tion of large amounts of tradirional beer (kaffir) containing
iron (8,9,15) and is estimated to affect up to 10% of the rural
populations in sub-Suharan Africa.

Despite the prevalence of iron-overload disorders world-
wide, the exact mechanism of iron-induced henrt failure
renmins to be elucidated. The roxicity of nontransferrin-bound
free-iron is thought to be a result of its ability to catalyze the
conversion of hydrogen peroxide (H;O;). through Fenton.
type or iron-catalyzed Haber-Weiss biochemical reactions, to
reactive oxygen free radical species (ROS), such as the hydroxyl
(OHe) and superoxide radicals (O;-¢), as shown below
(13,16-18):

Oy + ferric iron (Fe3*) — O, + Fel*
Ferrous iron (Fe?*) + HyOy — Fe3* + OH™ + OH»

02 + HyQy > Oy + OH- + OH

It is conjectured thac chronic srates of iron overload result
in increased ROS generation and decreased protective antiox-
idant reserves (such as vitamin E und glurathione peroxidase
[GPx]), resulting in cellular injury and dysfunction (4,19-21).
Indeed, free radicals are highly reactive biochemical species
that contain unpaired electrons and have the ability to damage
numerous macromolecules including cellular membranes, pro-
teins and DNA (4,21).

Whey is a nontoxic protein cuncentrate from milk that
includes ulpha-lacralbumin, beta-lacralbumin and lactoferrin
and Is believed to have_the abilitv, to. chelare reace . merals.
including iron (22,23 ). Preliminary evidence suggests that
milk whey protein coruwentrate may possess beneficial antioxi-
dunt propercies that can limit the production of harmful ROS
by acting as a precursor source for glutathione (GSH) produc-
tion in relevant tissues, thus also having immunoenhancing,
anticarcinogenesis and anricancer properries (22,24-29).

However, no previous studies, to our knowledge, have
examined the cardioprotective effects of milk whey protein an
ROS production and antioxidant reserve status in an experi-
mental model of iron-overload cardtomyopathy  (30).
Therefore, we first hypothesized that iron-overlosded mice
receiving dietary supplementation with whey proteln would
have significantly decreased ROS production in the heart, as
quantified by malondialdehyde (MDA}, 4-hydroxy-nonenal
(HNE) and hexanul, in comparison with nonsupplemented
iron-uverloaded mice. Our second hypothesis was that the
iron-overloaded mice receiving whey supplementation would
have slgnificantly increased antioxidant reserve status in car-
diac tissue, 25 quantified by GPx and GSH activity, in compar-
ison with nonsupplemented iron-overlonded mice.

ANIMALS AND METHODS
The authors' laboratory developed a murine model of iron-aver-
load cardiomyopathy that mimics the iron-loading pattern in the
heart of patients with disorders of iron merabolism. This model
was uked for the experiment described below, The spectfic hema-
dynamic, biochemical and histopathological characteristics of this
muodel have been described elsewhere (20,31-33), Male B6DZF1
mice (Charlcs River, Canada) five 1o cight weeks of age and

weighing 20 g 10 25 g weee huused in stabiless steel cages (five per
cage) in a temperatute- and humidity-controlled room with (2 h
light 12 h derk cycles. The mice had access ro water and food pel-
lers (Lahoratory Rodent Diet, PMI Nutrition Internarional Inc,
United States) ad libitum. The rrudy received Institutivnal
appraval (Queen's University Animal Care Commitree) and eon-
formed to the standards of the Animals for Research Act
(Province of Ontario 1968-69, revised 1980) and the Canadian
Cuouncil on Animal Care (34). All chemicalz used were reagent
prade and were obrained from the Sigma-Aldrich Chemical
Company (St Louis, United States), unless othecwise stated.
Thirty-rwo mice were randomly assigned to one of four treat-

ment groups: placebo conteol (0.5 mL normal saline intraperi-
toneally per mause per day, n=8); iron only (10 my iron dextran
intraperitoneally per mouse per doy, n=8); whey (Immunocal,
IMMUNOTEC Research Corporation, Canada) only (100 mg
diggolved in 250 mbL distilled water orally, n=8); and iron with
whey (n=8). Staristical power snalysis previously showed that five
mice per treatment group is sufficient to derect differences (effect
size 0.35) herween groups with a power of 0.80 sad an alphz level
of 0.05 (20,35). All mice received rrearments for a toral of four
weeks {rotal cumuiative dose of iron dextran: 200 mg). The dose
of whey protein administered was based on a pilot investigation
using this murine model (30). The dose of irun dexerun adminis-
tered was hased on previous investigations with chis murine model
of tron-ovetload cardiomyopathy (20,31). Mureover, it was previ-
ously shown that the administration of iron dexuean Ineraperi-
toneally for a perlod of three o four weeks results in significantly
increased heart tissue coneentrativns of trun with accompanying
histopathological changes to eellular marphology and altered car-
dia¢ function (20,31,32,35). Following their treatment period,
surviving mice were killed by cervical dislocation and the hearts

were harvested by rpid midsternal thomcatomy, cleared of excess

tissue and dipped into a bath of liquid nitrogen, The hearts were
subkequentty stored bt - (370 unng anatysid 1or KU and Ynuoxi
dunt activity.

Oxypgen free radical production

Oxygen free radical praducrion in the hearr was quantified by analy-
gis of the cytotoxic aldehydes MDA, HNE and hexanal by capillary
column gas chromatography-negative ionization wmass spectrometry
(31). Sumples were compared with commerciully uvailable stun-
dards for control of securacy and preclsion (32,35). This merhod
has a derection limit berween 50 fmol/mL and 00 fmol/mL of
injected aldehyde (36,37).

Heart GPx and GSH activity

GPx activity was quantified by scanning fluorescence spectropho-
tometry, according to previously described methods (20,38). GSH
was assessed according to the method of Leeuwenburgh e al (39).
Samples were compared with commercially available standards
(Randox Laboratories, United Kingdom) for control of aceuracy
and precision.

Descriptive statiatics for the key end points (MDA, HNE, hexa-
nal, GPx and GSH) are prescnted as mean + SD. A twa-step proce-
dure was used for the Jata analysis. One-way analysis of variance
was performed to compare vverall treatment effect, and P<0.05 was
deemed significant a priorl. Second, when a statistically signtficant
difference was observed, post hoc multiple pairwise comperisons
were performed tu determine the location and nature of the differ-
ence after analysis of variance (40).
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Figure 1) Heart malondialdehyde (MDA) concentrations.
Significantly lower MDA concentrations were observed in mice recely-
ing tron with whey supplementation than in mice receiving tron only.
All values shoun are mean x SD. *P<0.001 compared with control;
'P<0.001 compared with tron enly; *P<0.001 compared with whey
only

RESULTS
The mice receiving the iron-only treatment had slower growth
rates. Their fur lost shine and colour, and was coarser than in
other treatment groups, The hearts, livers and spleens of mice
in the iron-only treatment group appeared significantly
enlarged and had a pronounced bronze discolouration com-
pared with all other treatment groups, which is consistent with
previous investigations in this model (20,31,32,35), Moreover,
the mice seemed to become progressively lethargic with
Increasing total iron burden (32,35).

The murine group receiving the iron-only treatment had a
mortality rate of 40%, Conversely, no deaths were observed in
placcbo controls, mice supplemented with whey only or iron-
loaded mice receiving supplementation with whey. No signlfi-
cant differences for either caloric intake from food pellets or
oral intake of drinking fluids were observed between the vari-
ous treatment groups.

MDA concentrations

MDA concentrations in the hearr tissue of the various treat-
ment groups are shown in Figure 1. Compared with placebo
controls, iron-only mice had a 36.5-fold increase in MDA con-
centrations, whereas the combined iron and whey treated mice
had only a 9,7-fold increase (P<0,001) in MDA concentra-
tions. Furthermore, the iron and whey supplemented group
had a 3.8-fold decrease (P<0.001) In heart tissuc concentra-
tions of MDA compared with the iron-only group.
Significantly lower (P<0.001) concentrations of MDA werc
also found in the hearr tissue of the whey-only group than in
the iron-only group, The whey-only group had a sipnificantly
lower (P<0.001) concentration of MDA than did the saline
control group.

HNE concentrations

Figure 2 shows the concentration of HNE by assigned treat-
ment. In comparison with the control group, iron-only treated
mice had 8 ninefold increase (P<0.001) in heart tissue con-
centrations of HNE, whereas the iron and whey supplemented
mice had only a 5.8-fold increase (P<0.001) in heart tissue
concentrations of HNE. In comparison with the iron-only
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Figure 2) Heart 4-hydroxy-nonenal (HNE) concenmations.
Significantly lower HNE concentrarions were observed in mice receiv-
tng iron with whey supplementation than in mice veceiving iron only.
Al values shown ave mean + 8D. *P<0.00! compared with control;
*I;;0.00! compared with iron only; #P<0.00! compared with whey
only

treated mice, mice that reccived the whey supplementation
had a 1.6-fold decrease (P<0.001) in heart tissue concentra-
tion of HNE. The whey-only group had a significantly lower
(P<0.001) concentration of HNE in the heart rissue than did
the saline control group and a significantly lower concentra-
tion (P<0.001) of HNE than dJid the Iron-only treared mice.

Hexanal concentrations

Figure 3 shows concentrations of the cytotoxic aldehyde hexa-
nal in heart by assigned treatmenr. In comparison with the
control group, the iron-only treated micc had a 120-fold
increase (P<0.001) in the concentration of hexanal in the car-
diac tissue, whereas only 8 43.4-fold increase in hexanal
(P<0.001) concentration In cardiac tissue was observed in the
lron and whey supplemented mice, In comparison with the
iron-only rreated mice, the iron-loaded mice recciving the
whey supplementation had a significant 2.8.fold decrease
(P<0.001) in hexanal concentration in the hearr tissue. The
whey-only treated mice had a significantly lower concentra-
tion {P<0.001) of cytoroxic hexanal in the heart tissue than
did both the saline and the iron-only treared groups.

GPx and GSH activity

Heart GPx actlvity by assigned treatment is shown in Figure 4.
In comparison with saline controls, iron-only treated mice had
a 1.7-fold decrease (P<0.001) in GPx activity, whereus the
combined iron and whey treated mice had a 1.2-fold decrease
(P=0.05) in GPx uctivity, Furthermore, the iron-treated mice
receiving whey supplementation had a significant 1.4-fold
increase (P<0.005) in GPx activity in the heart tissue com-
pared with the iron-only treated mice.

Figure 5 shows heart GSH concentrations in the control,
iron only, whey only, and iron with whey tecarment groups. In
comparison with the placebo group, the iron-only group had a
L5-fold decrease (P<0,001) in GSH concentration, while
there was a 1.3-fold decrease in GSH concentration in the
heart tissue of the combine iron and whey treated mice
{P=0.007). A 1.2-fold increase (P=0.05) in GSH activity was
observed in the iron and whey supplemented mice in comparison
with the iron-only group.

1185
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Pigure 3) Heart hexanal concentrations. Significantly lower hexanal
concentrations were obseyved in mice receiving fron with whey sup-
plementation than in mice receiving ivon only. All values shoun are
mean x SD. *P<0 001 compared with control; TP<0.001 compared
with iron only; #P<0.00! compared with whey imly
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Figure 4) Heart glutathione peroxidase (GPx) activity. Significantly
decreased CiPx activity was observed in mice receiving iron with whey
supplementagion cempared to mice recelving iron only. All values
shown are mean + SD. *P<0.00! compared with conprol; tP<0.00]
compared with iron only; *P<0.001 compared with whey only;
$P<0.005 cempared with iron enly; IP<0,05 compared with control

DISCUSSION

Although the exact mechanism of iron-induced heart failure
remains to be explained, nonprurein-bound free iron may have
a role as a resule of its abiliry to catalyze the production of
excessive ROS when antioxidant defence systems are over-
taxed (21,41,42). The resulting cellular damage that free radi-
cals inflict on the affected organs is thuught to be responsible
for the dysfunction of the organ. Excess ROS production has
been implicated in the pathogenesis of numerous disorders,
including cardiovascular disease (1,43-45). An improved
understanding of the pathogenesis of iron-induced heart failure
is essential for the develppment of therapeutic interventions
that would help to stabilize and ultimately prevent clinical
complications in patients who are affected by disorders of iron
metabolism. Furthermore, 4 fundumencal understanding of the
underlying mechanisms of iron toxicosis is necessary to provide
safe and effective patient care.
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Figure 5) Heart glutathione (GSH) concentrations. Significantly
decreased GSH activity was abserved in mice receiving irom with whey
supblementation compared w mice receiving bron only. All values
shown dre mean = SD. *P<0.00] compared with consrol; *P<0.00)
compared with ion anly; $P<0.00] compared with whey omly;
¥P=0.05 compared with iron anly; YP=0.007 compared with control

Aldehydes such as MDA, HNE and hexanal are eytotoxic
products that are formed by the reaction of ROS with proteins
and lipid membranes (46,47). They ate thetefore used as bio-
logical markers for ROS-mediated damage and activity in vivo.
Hence, an increase in cyrotoxie hearr aldehyde concentrations
in our murine mudel implies that ROS-mediated activirty and
damage 1o the heart have recently increased. In the present
investigation, we observed significant increases in all heart
cytotoxic aldehydes measured in the iron-only treared group.
In supporr of the first hypothesis, the findings show that the
fron-treuted mice receiving oral dietary supplement with milk
whey protein have significantly lower ROS-mediated-damage
w the heart, To our knowledge, this 1s the first study to exam-
ine the effects of milk whey protein supplementation on the
producrtion of ROS in an in vivo model of iron-overload car-
Jdiomyopathy.

The mechunism by which whey proteins may have cardio:
protective effects against ROS includes its ability to chelar
transition metals by lactoferrin (48). Among the whey proteins
lactoferrin is regarded as the most significant iron-binding pro.
tein (49). Ir has also been reported that beta-lactoglobulin car
inactivate pro-oxidative heme proteins, forming dityrosine
the oxidation product of two ryrosines, thus suggesting tha
whey proteins can scavenge ROS (50),

GSH is a cysteine-containing tripeptide that is part of &
important cellular defence mechanism against ROS (51,52
GSH helps to maintain the cellular redox state of protein thio!
and additional low molecular mass protective antioxidan
(such as vitamin E and ascorbic ucid) (53,54). GPx is a1 selenc
protein that is critical in preventing the generation of RO
through Fenton-type reactions by scavenging H,O; and oth
organic peroxides in the soluble component of cells (55,56).

In support of the second hyporthesis, significantly high.
levels of GPx activity were observed in the iron with whe
supplemented group than in the iron-only group. Heart GS
activity was lower in iron-only treated mice than In iro
loaded mice receiving supplementation wich milk whey pr
tein, but this difference did not reach the level of stutistic
significance. Nonectheless, these findings suggest thar mi
whey protein may bhe important in preserving prorecti
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antioxidant reserves In the iron-loaded heart. To our knowl-
edge, this is the first study to examine the effects of milk whey
protein on the preservation of GSH and GPx in the lron-
loaded heart,

Tiken together, the findings provide preliminary evidence
that milk whey proteins have cardioprotective properties
against iron-mediated ROS damage in a murine model of iron
overload. The duta suggest that dietary supplementation with
milk whey protein may be of benefit for the clinical manage-
ment of iron-overload disorders. Nonetheless, these findings
cannot be cxtrapolated to patients with iron-induced heart
failure because additional basic reseurch is nceded to clarify
the exact mechanism by which milk whey protein may be car.
dioprorective in iron-overload disorders. Future research to
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investigate the dose-dependent effects of milk whey supplemen-
tation and the iron-hinding capacity of specific milk whey pro-
teins (for example, luctoferrin and albumin) is warranted. It
would be premature to recommend dictary supplementation
with milk whey proteins for patients with disorders of iron metab-
olism because additional basic and clinical investigations are nec-
essary before guidelines for clinical practice can be developed.
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