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Abstract

Aims/hypothesis Treatment with the Cu(Il)-selective chelator
triethylenetetramine (TETA) improves cardiovascular disease
in human patients, and cardiac and vascular/renal disease in
rats used as a model of diabetes. Here we tested two
hypotheses: first, that TETA elicits greater improvement in
organ function than less Cu-selective transition-metal-targeted
treatments; second, that the therapeutic actions of TETA are
consistent with mediation through suppression of oxidative
stress.
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Methods Rats were made diabetic with streptozotocin
(55 mg/kg, i. v.) and treated from 8 weeks after disease
induction for the following 8 weeks with effective dosages
of oral TETA, or one of three less Cu-selective transition-
metal-targeted treatments: D-penicillamine, deferiprone or
Zn acetate. Treatment effects were measured in ex vivo
cardiac and aortic tissues, plasma and urine.

Results Diabetes damaged both cardiac and renal/vascular
function by impairing the ability of cardiac output to respond
physiologically to rising afterload, and by significantly elevat-
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ing the urinary albumin/creatinine ratio. Diabetes also lowered
total antioxidant potential and heparan sulphate levels in cardiac
and arterial tissues, and serum ferroxidase activity, whereas it
elevated urinary heparan sulphate excretion. TETA treatment
rectified or partially rectified all these defects, whereas the other
three experimental treatments were ineffectual. By contrast,
none of the four drug treatments lowered diabetes-mediated
elevations of plasma glucose or lipid concentrations.
Conclusions/interpretation TETA may limit the cardiac and
renal/vascular damage inflicted by diabetes through its
actions to reinforce antioxidant defence mechanisms,
probably acting through selective chelation of ‘loosely-
bound’/chelatable Cu(Il). It may also improve heparan
sulphate homeostasis and bolster antioxidant defence by
increasing vascular extracellular superoxide dismutase
activity. Urinary albumin/creatinine ratio might prove
useful for monitoring TETA treatment.

Keywords Chelator - Diabetic arteriopathy - Diabetic
cardiomyopathy - Diabetic nephropathy - Divalent copper -
Heparan sulphate - Serum ferroxidase - Streptozotocin -
TGF-f3 - Total antioxidant potential

Abbreviations

Def Deferiprone

ECM Extracellular matrix

EC-SOD Extracellular superoxide dismutase
HDL-C  HDL-cholesterol

HS Heparan sulphate

Pen D-penicillamine

ROS Reactive oxygen species

STZ Streptozotocin

TAOP Total antioxidant potential
TETA Triethylenetetramine

uACR Urinary albumin/creatinine ratio
ZnA Zinc acetate

Introduction

Triethylenetetramine (TETA) is a potent and highly
selective Cu(Il) chelator [1]. It is an orphan drug used in
the treatment of the Wilson’s disease [2] and has also
shown beneficial effects in the experimental treatment of
cardiac/vascular and renal disease in diabetes [3—7]. TETA
treatment promotes urinary Cu(Il) excretion in diabetic rats
with streptozotocin (STZ)-induced diabetes and patients
with type 2 diabetes, and restores cardiac structure and
function in both [3, 5]. However, how TETA improves
damaged tissues in diabetes remains unclear.

TETA has been used for the treatment of Wilson’s
disease for more than two decades. Other compounds that
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are also used for the treatment of this disease include D-
penicillamine (Pen, a less specific transition-metal chelator)
[2, 8] and Zn acetate (ZnA, a blocker of enteric Cu
absorption) [9, 10]. Deferiprone (Def), an orally active Fe
chelator that also binds Cu, has also been proposed for this
purpose [11, 12]. Whether these compounds might cause
similar biochemical changes and improve cardiac and renal
function, as TETA does in diabetic rats, remains to be
determined.

Several tissue and circulatory variables can yield
information concerning cardiovascular risk. Unbound
Cu(l) is strongly pro-oxidant in mammalian tissues [13] and
may activate pathways that promote excessive generation of
reactive oxygen species (ROS), such as the superoxide
anion or hydroxyl radical [13]. Cardiac and arterial
superoxide production is increased in animals and humans
with diabetes or heart failure [14—16].

Extracellular superoxide dismutase (EC-SOD or SOD3)
provides a major antioxidant defence mechanism in
mammalian tissues [17], where it is thought to play a
major role in the protection of vascular NO from inacti-
vation by superoxide anion [18]. Arterial tissue-bound
EC-SOD is decreased in diabetic individuals, promoting
increased susceptibility to superoxide-mediated damage via
NO depletion and endothelial dysfunction [19]. Elevation
of plasma EC-SOD in patients with type 2 diabetes is
strongly correlated with an interaction between plasma
HbA,. and total Cu levels [1]. Furthermore, high concen-
trations of Cu(II) suppress EC-SOD secretion from cultured
vascular smooth muscle cells [20]. The extracellular content
of EC-SOD in arterial tissue is associated with the level of
heparan sulphate (HS), through which it is bound [21].
Diabetes tends to decrease artery-bound HS [22] and to
compromise its function via structural modification [23].
Fibulin-5 is another recently identified EC-SOD-binding
anchor in the extracellular matrix (ECM) [24], with cardiac
levels reported to be negatively associated with those of
Cu [25].

TGF-31 stimulates ECM protein accumulation in dia-
betic tissues by upregulating expression of corresponding
genes or downregulating genes encoding ECM-degrading
enzymes [26]. There is evidence for links between
oxidative stress, TGF-1 levels and ECM levels [27].
Excessive accumulation of ECM proteins and associated
myocardial fibrosis are implicated as pathogenic mecha-
nisms in diabetic heart disease [28]. Increased fibrous ECM
proteins provide the excess Cu-binding sites responsible for
the accumulation of elevated loosely bound/chelatable
Cu(Il) in diabetes [1, 3, 29]. In a rat model of diabetic
complications TETA treatment normalised cardiac and
aortic fibrosis, and suppressed elevations of aortic and
renal TGF-1 production and urinary albumin/creatinine
ratio (uACR) [3, 4, 30].
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Here, we tested the hypothesis that TETA-mediated
improvement in cardiac, arterial and renal tissues damaged
by diabetes is dependent on its highly selective binding of
Cu(Il). We compared responses to TETA treatment with
those to Pen, Def and ZnA, and measured biochemical
changes in cardiac and arterial tissues, plasma and urine
caused by diabetes and the drug treatments in a well-
characterised rat model of diabetic complications.

Methods

Diabetes and drug treatments All studies were approved by
relevant ethics and regulatory committees. Male Wistar rats
(220-250 g; Integrated Physiology Unit, School of Biological
Sciences, University of Auckland, Auckland, New Zealand)
were made diabetic by a single intravenous tail-vein injection
of STZ (Fluka [St. Louis, MO, USA]; 55 mg/kg bodyweight)
in isotonic saline, as described by Cooper et al. [3]. Age-
matched control rats were injected with equal volumes of
saline (untreated non-diabetic controls: sham). Bodyweight
and blood glucose were monitored weekly for 16 weeks.

Rats were housed under conditions of 12 h light—dark
cycle; temperature 22.5°C (range 20-26°C); humidity 60%
(range 50—70%) in like-pairs with ad libitum access to food
(Teklad Diet No. 2018; Harlan Laboratories, Indianapolis,
IN, USA) and water.

Research questions were addressed in three separate
studies. In each, diabetes was not treated for the first
8 weeks after onset, and experimental drug treatments were
administered throughout the following 8 week period. The
numbers of rats assigned to each treatment were as stated
below for the individual studies. Dosages of TETA were
based on those found to be efficacious in diabetic rats and
patients [1-5]. Dosages of Pen, Def and ZnA were
equivalent to those reported to be efficacious in animals
and patients, and drug dosing was verified by measurement
of disappearance of the drinking water in all studies. In a
prior pilot study, the dose of ZnA used was shown to be the
maximum tolerated without animals lowering their water
intake. All drugs were continuously administered via the
drinking water for 8 consecutive weeks.

In study 1, 8 weeks after STZ or saline injection, rats (n=
117) were assigned to one of four groups: (1) sham (n=28);
(2) sham-TETA (n=30); (3) STZ (n=29); and (4) STZ-
TETA (n=30). TETA (10 mg day ' rat ') was administered
in the drinking water (18 M/cm; Milli Q, Millipore,
Billerica, MA, USA) as TETA dihydrochloride (trientine,
Fluka), or the equivalent molar dosage of TETA disuccinate
[31] (Carbogen, Hunzenschwil, Switzerland) for a further
8 weeks.

In study 2, rats (n=113) were assigned to one of six
groups: (1) sham (n=23); (2) STZ (n=26); (3) STZ-TETA

20 mg/day per rat (n=23) [3-5]; (4) STZ-Def (ACROS,
Geel, Belgium; 20 mg/day per rat, n=15) [11, 12]; (5) STZ-
Pen (Sigma; St. Louis, MO, USA; 6 mg/day per rat, n=15)
[2, 8]; and (6) STZ-ZnA (Sigma; 0.5 mg day ' rat ', n=11)
[9, 10]. A spot urine sample was collected from the bladder
of each rat immediately before final tissue collection.

In study 3, rats (n=135) were assigned to one of ten
groups: (1) sham (n=22); (2) sham-TETA 2 mg/day per rat
(n=6); (3) sham-TETA 10 mg/day per rat (n=6); (4) sham-
TETA 20 mg/day per rat (n=6); (5) sham-TETA 50 mg/day
per rat (n=6); (6) STZ (n=26); (7) STZ-TETA 2 mg/day
per rat (n=7); (8) STZ-TETA 10 mg/day per rat (n=15); (9)
STZ-TETA 20 mg/day per rat (n=22); and (10) STZ-TETA
50 mg/day per rat (n=19). Rats were placed individually in
metabolism cages for 1 day during each of weeks 10 and
15; 24 h urine samples were collected in propylene tubes
and stored at —80°C until assayed.

Isolated perfused working rat heart model Measurements
of cardiac function were performed as previously described
using this ex vivo approach [3, 4] in hearts excised at week
16 from members of the following treatment groups: sham
control; untreated diabetic; TETA-treated diabetic (20 mg/day
per rat); Def-treated diabetic (20 mg/day per rat); Pen-
treated diabetic (6 mg/day per rat); and ZnA-treated diabetic
(0.5 mg/day per rat). The numbers in each group are as shown
in Electronic Supplementary Material (ESM) Table 1.

Tissue collection and treatment In all studies, rats were
anaesthetised (halothane, 5% [vol./vol.]) and organs excised
at the end of week 16. Blood samples were collected before
heparin injection, and sera were separated by centrifugation
and stored at —80°C until assay. Aortic and cardiac tissues
were either perfused or washed free of blood with ice-cold
PBS. Tissues were stored at —80°C until assay.

Human urine collection Urine samples were collected
during a previously reported clinical study [1, 32]. Six
healthy male volunteers and seven men with type 2
diabetes (aged between 30 and 70 years) completed that
study. Those with diabetic nephropathy/impaired renal
function as per serum creatinine >110 pmol/l and urinary
albumin >300 mg/l were excluded from the latter group
[1]. For each participant, 24 h urine samples were collected
in pre-cleaned wide-mouthed plastic containers (Nuplex
Industries, Auckland, New Zealand). Gross urine volumes
were recorded and completeness of collections was verified
using a p-aminobenzoic acid test.

Isolated-perfused working rat heart model In study 2,
measurements of cardiac function were performed at the end
of week 16, using an ex vivo isolated perfused working-rat-
heart model (n=113), as previously described [3].

@ Springer



Diabetologia (2010) 53:1217-1226

1220

3

souLn Jods JO JUSWAINSEIW WO PIALIOP AI9M SAN[BA YD VN,

Z1S SA 100°0>d ;| “ZLS SA S0°0>d | ‘Weys SA [00'0> Ty s “WYS SA 100>y
1e1 12d Aep/3w G'() 18 9JLIQOR OUIZ [PYIM PJBAN SJBl ONRQRIP-Z1S ‘VUZ

t,der  Aep Sur 0z Je VAL WPIs pajean) siel onoqelp-Z LS ‘VIHL Juouneon) SnIp Jnojpm sol0qeip paonpur-Z 1S UM sjel “Z S Juduneal Snip Jnoyim sjel J0Nuod dNoqeIp-uot pajoafur-ouryes

Em:m HE 10d Aep/3w 9 Je U9 YIM PIjean syel OiRqeIp-Z1S ‘Uod YSrom 1edy ‘MH [0IS[oyd-TAH O-T1AH er 1od Kep/Sw (g 18 Jog Ynm pajean) syel onoqeip-zZ1S Jod WIremApoq ‘md

mDmDﬁGQOH&Q Ul umoys ale sjewiue Jo sroquunu 9y J,

JNAS F SUBdW QI8 PUB ‘C 0] | SAIPNIS WO} PIALIIP dIom Ble

(01) 61F80¢

(9) €5°0F8L'T
##x(9) TI'OFIST
sw5(9) TEFSOT
##x(9) LY OFYL'T
++(9) $S'1F80'9
wax(P1) STOFHS'E
w#x(F1) $0'0F68°0
wex(P1) TIFLST
##:(C1) 9TFHSE

(€1) 61F20€
(TD €€0F99'1
#4+(C1) 60°0F ST
wx(TD) CIF6S
##x(C1) TTOFSET
++(8) 80°TF8Y'S
##:(ST) 01°0FE6'E
+#:(ST) S0°0F96°0
we(ST) TIFSHT
#+(E1) 0°TFIOF

(Y1) 81F86C
(F1) T€0F68'1
#+:(P1) LT'OFE0T
we(P1) €TFS9
#xx(P1) 61°0F98°C
#+(8) €8°0F9€°S
#2:(91) €T0FI19°€
#2x(91) SO°0FL60
+#+(91) T1F69C
(P TIFO 1Y

TL.AOQ 8F9¢¢
(1) €€0F50°C
##+(€1) 60°0F T’ 1
wsx(1T) 8°0F0°S
w41 61°0FFST
(€D 8T0FIET
#4+(91) ST'OFES'E
#+(91) Y0'0F86°0
w2x#(91) PTIFT8T
##x([S) L'0OFY6E

+#(6€) SF68C
(91) 8€°0F0TC
+#+(81) LOOFCY'1
#3x(ST) STF9'8
##x(81) €T0FTST
W01 L60F66'S
+#+(81) 80°0FCTL'E
+#+(81) €0°0F66°0
w#+(81) LFLIT
##:(F€) 6'0F0'8€

(99) ¥FoTE
(92) 80°0F#6°0
(97) €0°0F60°T

(90 1'0F€'1
(92) €0°0F0¢'T
(€1) 9T0FYS'1
(02) 80°0FLLT
(02) SO0FYE1

(02) L1FE8Y

(St) €0F9°01

(J/N) oSePIXO1LId) WNIAS
(/10w VAN wnidg

(/1oww) D-TQH wnies
([/10wr) [0199A3[AdeL) WNIOS

(I/10wt) [0I8)SA[OYD [E)0) WINIAS

(Jourwy/31) Jovn

(3/3w) oner Mg/MH

(3) y3rom jreoy
(8) wSrom Lpog

(1/1ow) 9s0on|3 poorg

vuz

uod

Jd

V14l

ZLS

weys

JUWAINSBIIN

VUZ 10 Udd Jo( ‘VIAL UMM JUSUIEIL} JO SHIM § PIAIOIAI PeY Jey) Siel dnaqelp yym pareduwod ‘sjel (Z1S) OBOqeIp pajeanun 1o (Weys) [01U0d Pajeanjun woij 9 3oom je pannboe ejeq [ dqEL

pringer

Qs



Diabetologia (2010) 53:1217-1226

1221

ELISAs for HS, TGF-$1 and TNF-a Urinary HS levels
from study 3, and serum, cardiac and aortic tissue samples
from study 1 were assayed by ELISA (Seikagaku, Tokyo,
Japan) as described [4]. Briefly, frozen cardiac or aortic
tissue was homogenised in ice-cold PBS and centrifuged at
13,000xg for 20 min at 4°C; supernatant fractions were
isolated and protein concentrations determined. Then 10 pl
of 20 mg/ml actinase E (Kaken Pharmaceuticals, Tokyo,
Japan) was added to 100 pl supernatant fraction or serum
and incubated at 55°C for 20 h to digest tissue and release
bound heparan sulphate from proteins. After incubation,
samples were boiled for 5 min, cooled and centrifuged at
3,000xg for 10 min. Processed serum, cardiac and aortic
tissue, and untreated urine samples were then assayed
according to the manufacturer’s instructions in 96-well
plates (450 nm; SpectraMax 340, Molecular Devices,
Sunnyvale, CA, USA). The HS content in tissue was
expressed as pg/mg protein.

The levels of the active form of TGF-1 in cardiac and
aortic tissue from study 1 were determined using the TGF-
31 Emax ImmunoAssay System (Promega, Madison, WI,
USA). The optical density at 450 nm was measured and the
amount of active TGF-31 was expressed as pg/mg protein.

TNF-« levels in serum, cardiac and aortic tissue from
study 1 were assayed using an Endogen rat TNF-o« ELISA
kit (Pierce Biotechnology, IL, USA) in 96-well plates
(450 nm); TNF-a concentrations have been expressed as
pg/ml in serum, and pg/mg protein in cardiac and aortic
tissues.

Biochemical analyses Cardiac and aortic tissues were
analysed for TNF-«, TGF-31, fibulin-5, total antioxidant
potential (TAOP) and HS in study 1. Urine samples were
analysed for HS in study 3; for creatinine at weeks 10 and
15 in study 2, and at week 16 in study 3; and for albumin at
week 15 in study 2, and at week 16 in study 3, and uACR
values calculated. Serum from endpoint sampling (week
16) was analysed for glucose, total cholesterol, HDL-
cholesterol, triacylglycerol, NEFA and ferroxidase in all
studies; and for serum levels of Fe, total protein, alkaline
phosphatase, aspartate aminotransferase, alanine amino-
transferase, bilirubin, calcium and phosphate using standard
biochemical methods implemented with a Synchron CX5
(Beckman, Brea, CA, USA).

Urinary albumin was determined using the rat Albumin
Enzyme Immunoassay kit (SPI-BIO, Québec, QC, Canada)
and urinary creatinine by an enzymatic rate method on the
Synchron CXS5.

Tissue TAOP assay Supernatant fractions from cardiac and
aortic tissue homogenates from study 1 were assayed for
total antioxidant potential using an AOP-490 colorimetric
kit (OxisResearch, Beverly Hills, CA, USA). This method

is based on the reduction of Cu(Ill) to Cu(l) by the
combined action of antioxidants present in the sample.
The TAOP in each sample was expressed as pumol/l Cu-
reducing equivalents/mg tissue protein.

Statistical analysis Data have been expressed as means +
SE. One- and two-way ANOVAs, followed by post-hoc
Tukey’s tests, if appropriate, were performed to assess
whether differences between groups were statistically
significant. Survival curves describing the ability of isolated
perfused working hearts to sustain their outputs with
increasing afterload pressures were compared using the
logrank test (Prism, v4.02). General linear mixed models
were fitted to the data from multi-factor experiments
involving repeated measurements over time (e.g. urinary
HS) using residual maximum likelihood (SAS v9.1 for
Windows). Residual analyses were performed to verify that
the underlying assumptions of these methods were met, and
appropriate transformations were applied as necessary.
Tukey—Kramer adjusted p values (for post-hoc pair-wise
comparisons) and Bonferroni-Holm adjusted p values (for
a priori comparisons of interest) were calculated. In either
case, p<0.05 was considered significant and the n value
indicates the number of replicates in corresponding assays.

Results

Diabetes and bodyweight Blood glucose concentrations did
not differ among groups at the time of STZ injection (data
not shown). Hyperglycaemia occurred within 2 days of
STZ administration in all experiments and persisted
equivalently in both untreated and drug-treated groups of
diabetic rats for the duration of the experiment, indicating
that none of the treatments decreased blood glucose levels.
Endpoint blood glucose measurements were markedly
higher than those in sham controls (p<0.0001, Table 1)
and no differences were detected between diabetic rats
among the various treatments (p>0.05, Table 1).

The mean bodyweights of different groups of rats were
not significantly different at the time of STZ injection (data
not shown), but at week 16, the bodyweights of all groups
of diabetic rats were significantly lower than those of sham
rats (»<0.001, Table 1), and the various drug treatments
were all without effect on this variable (p>0.05, Table 1).

Cardiac mass The heart weights of diabetic rats were
significantly lower than those of sham rats (»<0.001, Table 1),
and did not differ significantly among the treatment groups
(»p>0.05, Table 1). Heart weight/bodyweight ratios were
significantly higher in diabetic groups than in sham controls
(»<0.001, Table 1), and the experimental drug treatments did
not modify these ratios (p>0.05, Table 1).

@ Springer



1222

Diabetologia (2010) 53:1217-1226

Response of cardiac output to increasing afterload in ex
vivo isolated working hearts All groups of diabetic rats
had impaired cardiac function compared with sham rats,
as judged by their inability to maintain their cardiac
output at physiological levels in the face of increasing
afterload pressure (ESM Table 1). Ante mortem treatment
with Pen, Def and ZnA did not significantly improve
cardiac function in diabetic rats (all p>0.05) whereas, by
contrast, TETA treatment increased the resistance of
cardiac output to the effects of increasing afterload
pressure (p=0.021 compared with the untreated diabetic
control group). The responses to TETA are consistent with
previous reports [3, 4].

TAOP, HS, fibulin-5, TGF-31 and TNF-« in cardiac and
aortic tissues TAOP levels in cardiac and aortic tissues
were significantly lower in diabetic rats compared with
sham rats (p<0.001 in both tissues, Table 2), and 8 weeks’
TETA treatment significantly elevated TAOP levels (p<
0.01 in both tissues, Table 2).

TNF-« levels were not significantly changed in either
cardiac or aortic tissue of diabetic rats compared with non-
diabetic controls, nor were they significantly modified by
TETA treatment (p>0.05, Table 2).

TGF-B1 levels were higher in cardiac tissue of diabetic
than sham rats (p<0.05, Table 2) and TETA treatment
restored cardiac TGF-{31 protein production to normal (p<
0.05, Table 2). There was no significant difference in TGF-
31 protein levels in aortic tissue between rats with or
without diabetes or following drug treatment (data not
shown).

Fibulin-5 levels in cardiac tissue were insufficient for
detection by western blotting, whereas in aortic tissue there
was no detectable difference between sham and diabetic
rats, or between diabetic rats with and without TETA
treatment (Table 2), possibly due to low numbers of
replicates.

HS levels in cardiac and aortic tissues were also
significantly lower in diabetic rats than in sham controls
(»<0.001 in both tissues; Table 2). TETA treatment
significantly attenuated the diabetes-induced reduction of
HS levels in both tissues of diabetic rats (p<0.05 in heart
and p<0.01 in aortic tissues, Table 2).

Urinary HS excretion in rats Urinary HS levels were
measured in the 20 mg/day and 50 mg/day dosage groups.
Diabetic rats had significantly greater 24 h urinary HS
excretion than matched controls at weeks 10 and 15 (both
p<0.0001, Table 2). Two weeks’ TETA treatment at these
dosages did not modify urinary HS excretion (week 10,
both p>0.05, Table 2). By contrast, following 7 weeks’
daily TETA treatment, both dosages did significantly lower
24 h urinary HS excretion (week 15, p<0.05 at 20 mg/day
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per rat; p<0.01, 50 mg/day per rat; Table 2), consistent with
a dosage-dependent effect.

Urinary albumin/creatinine ratios Urinary ACR values in
spot urine samples were higher in diabetic rats than sham
controls (p<0.01, Table 1), as were those measured in 24 h
urine samples (p<0.01, Table 2), and TETA treatment
significantly lowered the elevated uACR values in both
studies (p<0.05 in each, Tables 1, 2). By contrast, Pen, Def
and ZnA treatments were all without effect on uACR in
diabetic rats (p>0.05, Table 1).

HS in human urine There was a significant elevation in
24 h urinary HS excretion in patients with type 2 diabetes
compared with healthy volunteers (p<0.05, Fig. 1).

Biochemical variables in serum Serum HS levels were
significantly higher in diabetic rats than sham controls (p<
0.05, Table 2) and were not significantly modified by TETA
treatment (p>0.05, Table 2).

Urinary HS excretion was positively correlated with
serum HS levels (Pearson’s correlation analysis; r*=
0.72, n=34; p<0.001). Mean TNF-« tended to be higher
in both diabetic groups, but the difference was not significant
and TETA treatment was without effect (both p>0.05,
Table 2).

Cholesterol, HDL-cholesterol, triacylglycerol, NEFA
and ferroxidase were measured in all three studies. Serum
cholesterol, HDL-cholesterol and triacylglycerol levels
were higher in diabetic rats than in sham controls (all p<
0.001, Table 1). None of the transition-metal-targeted
therapies, including TETA at various dosages, Pen, Def or
ZnA significantly altered the serum cholesterol, triacylglycerol
or HDL-cholesterol levels in diabetic rats (all p>0.05, Table 1).
NEFA levels did not differ significantly between sham and
diabetic rats, nor did levels change with TETA treatment (all
p>0.05, Table 1).

Serum ferroxidase activity was significantly lower in
diabetic rats than in sham controls (p<0.01, Tables 1, 2), and
all dosages of TETA studied increased values in diabetic rats
(»<0.05, 0.001, 0.01 and 0.05 for dosages of 2, 10, 20, and
50 mg day ' rat’!, respectively, Table 2). By contrast,
treatment with Pen, Def or ZnA did not alter serum ferroxidase
activity in diabetic rats (all p>0.05, Table 1), but in that study
TETA treatment (20 mg/day per rat) increased the serum
ferroxidase activity significantly (p<0.001, Table 1).

The serum values of total protein, alkaline phosphatase,
aspartate aminotransferase, alanine aminotransferase, bilirubin,
Fe, calcium and phosphate did not differ significantly between
sham and diabetic rats, nor did they show significant
differences between diabetic rats with TETA treatment at
different dosages and untreated diabetic rats (all p>0.05, data
not shown).
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Fig. 1 Twenty-four hour urinary HS excretion values from six healthy
volunteers and seven patients with type 2 diabetes. p<0.05 for healthy
volunteers vs diabetic patients

Discussion

Oxidative stress has been defined as ‘a disturbance in the pro-
oxidant—antioxidant balance in favour of the former’ [33].
Elevations in oxidative stress and of ‘pro-inflammatory’
cytokines such as TGF-f3 and TNF-o have been implicated
in the mechanisms of diabetic cardiac, vascular and renal
complications [30, 33-38].

To test the hypotheses that TETA elicits greater
improvement in organ function than less Cu-selective
transition-metal-targeted treatments, and that its therapeutic
actions are consistent with mediation through suppression
of oxidative stress, we measured the following (methods in
parentheses): cardiac function (resistance to rising afterload
in an ex vivo perfused working-heart model); renal/vascular
damage (UACR); oxidative stress (tissue TAOP, serum
ferroxidase, and indices of HS metabolism—the last
because HS serves as a main vascular anchor for the
antioxidant enzyme EC-SOD); pro-inflammatory cytokines
(TGF-f3 and TNF-«); and widely used traditional biochemical
markers of cardiovascular risk (serum levels of total choles-
terol and HDL-cholesterol, triacylglycerol and NEFA). We
also measured other biochemical indices of liver function, and
plasma calcium and phosphate.

Here, TETA treatment partially restored cardiac function
whereas transition-metal-targeted but non-Cu(Il)-selective
treatments, including Pen, Def and ZnA, did not. These
findings are consistent with a hypothesis that TETA-
mediated improvement in cardiac function is related to its
Cu(II)-selective binding properties.

In patients with type 2 diabetes, elevated circulating EC-
SOD levels (consistent with lowered SOD activity and
impaired defence against superoxide anion-mediated oxi-
dative stress in arterial walls), were reportedly normalised
by TETA treatment [1]. HS serves as a major anchor for
this important antioxidant defence enzyme [21, 24], binding
and localising it in the vascular ECM where it catalyses the
elimination of superoxide anion and sustains NO bioavail-
ability [39]. TGF-$31 elicits stimulation of collagen produc-
tion and may play a pivotal role in ECM fibrosis [40]; and
TNF-« is a pro-inflammatory cytokine linked with cardiac
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disease that is reportedly elevated in cardiovascular tissue
compromised by diabetes [41—43].

We found that TETA treatment reversed diabetic tissue
damage, as indicated by the following: in the heart (by
partially restoring its ability to withstand increasing after-
load pressure); renal/vascular damage (by restoring uACR
values); oxidative stress (by restoring cardiovascular TAOP,
serum ferroxidase, and relevant indices of HS metabolism);
and cytokine levels (by lowering diabetes-elevated cardiac
TGF-f3). TETA did not, however, modify levels of TNF-a
or classic biochemical markers of cardiovascular risk
(serum lipids), and is thus unlikely to restore cardiovascular
structure/function through effects on TNF-«.

By contrast, the three other, less Cu(Il)-selective,
transition-metal-targeted therapies were without impact on
any of the measured indices of the diabetic complications.
The lack of response to deferiprone is particularly signif-
icant, as it supports the conclusion that it is dysregulation of
Cu and not of Fe homeostasis that plays a key role in the
aetiopathogenesis of the diabetic complications [3].

In diabetic rats increased arterial HS was inversely
related to urinary HS excretion and blood HS concentra-
tion, and these two variables were positively correlated.
Treatment with TETA for 7 weeks lowered urinary HS
excretion, whereas 2 weeks’ treatment did not. Diabetic
patients also had significantly higher rates of urinary HS
excretion than normal volunteers. However, others have
reported that urinary HS values fall in patients with diabetic
nephropathy [44], and it is possible that some of our
observations concerning HS in rats might have been
confounded by STZ-mediated toxicity. The much lower
HS concentrations in cardiac compared with aortic tissue
suggests that cardiac HS levels could reflect those in the
coronary artery walls, so increased HS following TETA
treatment could point to improved coronary artery function.
These data are also consistent with our prior finding that
TETA treatment elevated the depressed aortic wall EC-SOD
in diabetic rats [4]. Based on these observations, urinary HS
merits further investigation as a variable for monitoring
therapeutic responses to TETA.

Caeruloplasmin catalyses the oxidation of Fe(Il) to
Fe(Ill) through its action as a ferroxidase, and thereby
facilitates loading of Fe into transferrin without the
concomitant generation of superoxide anions and hydroxyl
radicals that could otherwise ensue [33]. Diabetes-mediated
lowering of ferroxidase activity could undermine this
antioxidant effect, so restoration of serum ferroxidase by
TETA points to its bolstering of this diabetes-compromised
defence mechanism. TAOP provides a plausible measure of
oxidative stress in cardiovascular tissues [45—48]. However,
the accurate assessment of oxidative stress in biological
systems is a problem for all investigators working on the
role of free radical damage in disease [33, 48]. Low total
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antioxidant capacity can be interpreted as indicative of
oxidative stress or increased susceptibility to oxidative
damage. However, measurements of TAOP, such as that we
employed here, have limitations [48]. Most assays tend to
measure predominantly the antioxidants with lower molec-
ular mass, such as urate, ascorbate, bilirubin, and thiols in
the aqueous phase, and o-tocopherol, carotenoids, and
flavonoids in the lipid phase, excluding the contribution of
antioxidant enzymes and metal-binding proteins; different
approaches to the measurement of TAOP correlate poorly
with one another [48]. In most biological fluids, the major
contributor in such assays is urate, which frequently
accounts for more than 50% of the total antioxidant
potential measured. However, urate is of limited importance
as an antioxidant in vivo, and a preferable approach would
be to measure all potential antioxidants [48]. Such studies
will need to be performed in future, to more accurately
judge the antioxidant mechanisms by which Cu(Il)-selective
chelation elevates TAOP.

We conclude that dysregulation of Cu, but not of Fe,
homeostasis is a key pathogenic mechanism in the diabetic
complications. These data are consistent with the hypothesis
that raised Cu(Il)-evoked oxidative stress is causative of the
complications of diabetes. TETA treatment may limit the
cardiac and renal/vascular damage caused by diabetes through
its actions to bolster antioxidant defences, and its Cu(I)-
selective binding ability probably plays a major role in its
actions. These findings are consistent with our previous
description of pathogenic dysregulation of Cu homeostasis
as a major contributor to the mechanisms of diabetes-evoked
cardiac and renal/vascular damage, and their improvement
following TETA treatment [1]. Urinary ACR, whether
derived from 24 h or spot urinary measurements, could be
useful for monitoring TETA treatment. Further investigation
of the mechanisms by which Cu(Il)selective chelators
abrogate tissue damage in diabetes is warranted.
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