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Beneficial effects of C36, a novel breaker of
advanced glycation endproducts cross-links, on the
cardiovascular system of diabetic rats

G Cheng, L-L Wang, L Long, H-Y Liu, H Cui, W-S Qu and S Li

Beijing Institute of Pharmacology and Toxicology, Beijing, China

Background and purpose: Advanced glycation endproducts (AGE) have been implicated in the pathogenesis of diabetic
complications, including diabetic cardiovascular dysfunctions. 3-benzyloxycarbonylmethyl-4-methyl-thiazol-3-ium bromide
(C36), a novel AGE breaker, was investigated for its beneficial effects on the cardiovascular system of diabetic rats.
Experimental approach: The in vitro breaking abilities of C36 on AGE cross-links formed in vitro and in vivo were assessed. After
4 weeks’ treatment with C36, cardiovascular and left ventricular functions in diabetic (streptozotocin-induced) rats were
evaluated by haemodynamic studies. Effects of C36 on AGE accumulation, collagen distribution, and fibrosis-associated gene
expression were also investigated by biochemical and morphological methods and reverse transcription-PCR, respectively.
Key results: In vitro, C36 released bovine serum albumin (BSA) from preformed AGE-BSA-collagen complexes and decreased
the 1gG cross-linked to red blood cell surface (RBC-IgG). In vivo, C36 treatment of diabetic rats resulted in a significant increase
in left ventricular systolic pressure and the maximal rate of left ventricular pressure rise and pressure fall, induction in cardiac
output and systemic arterial compliance, decrease of total peripheral resistance, reduction of diabetes-induced RBC-IgG
content, increase of myocardial and tail tendon collagen solubility, and normalization of collagen type IlI/I ratio in diabetic rats.
In addition, C36 treatment attenuated mRNA levels of diabetes-induced genes, including receptors for AGE, transforming
growth factor 1, connective tissue growth factor, and collagen Ill.

Conclusions and implications: C36 was an effective breaker of AGE cross-links and had beneficial effects on the cardiovascular
system of diabetic rats.
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Introduction

Diabetes is essentially a disorder of chronic hyperglycaemia. sugars through nonenzymatic glycosylation, addition,

The most serious threat of this disease is the high mortality
caused by diabetic complications, such as vascular stiffening
and cardiac dysfunction. The accumulation of advanced
glycation endproducts (AGEs) cross-links is one of the causes
of these complications (Cooper, 2004; Zieman and Kass,
2004).

Advanced glycation endproduct comprise a heterogeneous
group of complexes formed by the nonenzymatic reaction
between protein amino groups and glucose or other reducing
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dehydration and a series of chemical rearrangement reac-
tions over a period of time (Brownlee et al., 1988a). In the
1980s, Brownlee et al. (1986, 1988a,b) first described the
harmful consequences of AGE formation on the cardiovas-
cular and renal systems in humans and diabetic rats. The
formation of AGE and its cross-links occurs in normal ageing
and is accelerated in the diabetic state. Once the AGE and its
cross-links are formed, they tend to accumulate on long-
lived proteins, especially structural proteins (for example,
collagen and elastin), in heart and vascular tissue over time
and cause tissue structure stiffness and cell stress. Finally, the
myocardial and vascular systems become less flexible, which
in turn contributes to the cardiovascular dysfunction ob-
served in diabetic complications (Brownlee et al., 1988a;
Norton et al., 1996; Avendano et al., 1999; Singh et al., 2001).
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Figure 1 The chemical structure of C36, 3-benzyloxycarbonyl-
methyl-4-methyl-thiazol-3-ium bromide.

The AGE may be formed by a pathway involving reactive
a-dicarbonyl intermediates (Bucala and Cerami, 1992). Vasan
et al. (1996) were the first to investigate and validate the
potential pharmacological strategy for selectively cleaving
the resultant glucose-derived protein cross-links in vitro and
in vivo using the first thiazolium-based AGE breaker,
N-phenacylthiazolium bromide (PTB) (Vasan et al., 1996).
Conceptually, this approach is novel and is independent
from classical treatments (Zieman and Kass, 2004). Subse-
quently, ALT-711, a more stable derivative of PTB, was
studied extensively and shown to reverse cardiovascular
dysfunction mediated by AGE cross-links in several animal
studies and eventually in clinical trials (Wolffenbuttel et al.,
1998; Kass et al.,, 2001; Vaitkevicius et al.,, 2001). Our
laboratory has been developing novel AGE breakers since
2000, based on the postulated mechanism for PTB (Vasan
et al., 1996), the first-known thiazolium AGE breaker.
Fourteen out of two hundred new compounds with potential
AGE-breaking activity were chosen for their pharmaco-
dynamics and PK/ADME (pharmacokinetic/absorption,
distribution, metabolism and excretion) characteristics.
One of these, a new thiazolium compound, C36 (3-
benzyloxycarbonylmethyl-4-methyl-thiazol-3-ium bromide,
Figure 1), was found to be as effective as ALT-711, but
exhibiting lower LDsy in mice and no mutagenesis and
teratogenesis in ex vivo studies (unpublished data).

In this paper, we report the efficacy of C36 as a breaker of
AGE cross-links both in vitro and in vivo. The effects of C36 on
cardiovascular and left ventricular (LV) functions were also
investigated in rats with experimental diabetes. Further-
more, its effectiveness in vivo was also compared with that of
the well-studied AGE breaker, ALT-711.

Methods

In vitro tests

Breaking activity on AGE cross-links formed in vitro. To
ascertain the ability of C36 to break AGE cross-links formed
in vitro, AGE cross-links were prepared from glycated BSA
(Makita et al., 1992) and rat-tail-tendon collagen in vitro.
In brief, glycated BSA was allowed to react with collagen to
form AGE-BSA-collagen complexes. After incubation with
test compounds, the amount of BSA remaining attached to
collagen was quantified by ELISA using a rabbit polyclonal
anti-BSA antibody. The detailed procedures of the assay have
been described previously (Vasan et al., 1996, Wang et al.,
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2004). The per cent of the breaking activity of the test
compound was calculated as 100% x ((OD410, PBS con-
trol)—(ODu4;0, test compound))/(OD4;0, PBS control).

Breaking activity on AGE cross-links formed in vivo. IgG cross-
linked to the surface of red blood cells (RBC-IgG) is an
example of AGE cross-linking that is formed before other
AGE cross-links in vivo. The content of RBC-IgG has
previously been used to provide an index of protein cross-
linking (Vasan et al., 1996; Woltfenbuttel et al., 1998). To test
the breaking ability of C36 on AGE cross-links, red blood
cells (RBCs) were isolated from diabetic rats and ELISA was
performed. In brief, RBCs were washed and incubated with
test compounds overnight, then washed sufficiently and
transferred into the multiscreening plate (Multiscreen-HA;
Millipore, Bedford, MA, USA). RBC-IgG content was deter-
mined as previously described (Cheng et al., 2005). The
breaking activity of the test compound was expressed as
the percentage decrease and calculated as 100% x ((ODa410,
PBS control)—(ODy;, test compound))/(OD4;0, PBS control).

In vivo tests

Animals and treatment. All animal care and surgical proce-
dures were strictly in accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. Animals used in this study were supplied by Beijing
Animal Center (Beijing, China), maintained on a 12-h light-
dark cycle, and had free access to food and water.

Diabetes was induced by injecting streptozotocin (STZ,
70mgkg~!; i.p.) into fasting male Wistar rats at the age of
9-10 weeks. Animals with blood glucose levels > 15 mM were
selected and maintained for 12 weeks. After that, one set of
diabetic rats was divided into five groups for haemodynamic
study of the cardiovascular system: (1) diabetes control
(Diabetic); (2) ALT-711 (12.5mgkg™!) treated; (3) C36
(12.5mg kg_l) treated; (4) C36 (25mg kg_l) treated; and (5)
C36 (50mgkg!) treated. Another set of diabetic rats was
divided into four groups for haemodynamic studies of
LV function (1) diabetes control (diabetic); (2) ALT-711
(12.5mgkg™ ') treated; (3) C36 (12.5mgkg™!) treated; and
(4) C36 (50mgkg™!) treated. Additionally, both the sets
described above were accompanied with another group of
age-matched nondiabetic rats (receiving vehicle of STZ)
serving as normal control (normal), respectively. ALT-711
and C36 were dissolved in distilled water before oral gavage;
normal and diabetic control rats were treated with distilled
water. All groups of rats were treated every day for a further 4
weeks.

Haemodynamic measurement of cardiovascular system. Details
regarding the surgical procedure and haemodynamic
measurements have been described elsewhere (Cheng et al.,
2005). Briefly, after animals were anaesthetized (.p.
50mgkg' pentobarbital) and ventilated with a rodent
respirator (breath rate: 60-70 breaths min~", stroke volume:
0.8-1.5ml per breath), a midsternal thoracotomy was
performed, and the ascending aorta was dissected free. Then,
the pressure transducer was advanced into the ascending
aorta through the right carotid artery. An adapted Doppler
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probe was positioned around the ascending aorta to measure
phasic aortic blood flow. After the system was stabilized for
10 min, aortic blood flow and pressure were digitized at the
rate of 2000 sampless™' with a commercially available
analog-to-digital converter (MP150WS; BIOPAC System
Inc., Goleta, CA, USA) and a computer using dedicated
software (Acknowledge, Version 3, BIOPAC System Inc.). All
parameters were calculated on beat-to-beat basis for 30 s and
then averaged. In steady-state conditions, systolic and
diastolic blood pressure, cardiac output, and heart rate were
measured and calculated. Total peripheral resistance (TPR)
was determined as the quotient of mean arterial blood
pressure and cardiac output (Levy et al., 1994). Stroke volume
was calculated as the quotient of cardiac output and heart
rate. Systemic arterial compliance (SAC) was calculated as
the quotient of stroke volume and pulse pressure (Yin et al.,
1983).

Haemodynamic measurement of left ventricle. The procedure
was described in our previous report (Cheng et al., 2005). In
brief, a fluid-filled catheter was introduced through the right
carotid artery into the LV of anaesthetized rats. Tracings of
LV pressure were digitized at a rate of 2000 sampless~* with a
commercially available analogue to digital converter and a
computer using dedicated software. The maximal rate of LV
pressure rise (pos dP/dTmax) and pressure fall (neg dP/dTmax)
were calculated from the digitized LV pressure recording.

RBC-IgG content assay. Before performing the haemo-
dynamic measurements of the cardiovascular system, hepar-
inized RBCs were collected and RBC-IgG was determined as
previously described (Cheng et al., 2005). The content of
RBC-IgG was expressed as ODyjg,

Collagen solubility assay. The presence of AGE cross-links
has been proposed to contribute to the increased insolubility
and resistance of collagen to enzymatic and chemical
digestion (Kochakian et al., 1996). The solubility of tail-
tendon collagen was measured as previously described
(Cheng et al., 2005). To assess myocardial collagen solubility
(Kochakian et al., 1996; Candido et al., 2003), aliquots of LV
were digested with 1ml of 200 ugml~! pepsin in 0.5 M acetic
acid at 37 °C. After 2- and 24-h digestion, respectively, the
supernatant was removed. The conditions for pepsin diges-
tion were chosen, based on preliminary studies, to be
adequate to cause significant solubilization of the unmodi-
fied heart collagen after 2h and to cause solubilization of
greater than 98% of the heart sample after 24h (Candido
et al., 2003). Thus, the total recoverable collagen was defined
as the collagen concentration after 24 h of pepsin digestion.
Myocardial collagen solubility was expressed as the percen-
tage of the collagen concentration after 2h of pepsin
digestion in relation to the total recoverable collagen.

Assay for AGE content of LV and aorta. An increase of AGE as
reflected by collagen-associated fluorescence has been docu-
mented in experimental and human diabetes (Brownlee
et al., 1986, 1988a). AGE contents were determined by
collagen-associated fluorescence by a method previously
described (Monnier et al., 1984; Soulis-Liparota et al., 1991).
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The collagen-associated fluorescence was determined using
enzyme-digested samples at 370-nm excitation and 440-nm
emission with Tecan fluorimeter (model GENios Pro). AGE
contents of LV and aorta were determined by expression as
arbitrary units (FAU) of collagen-specific fluorescence per
microgram collagen (FAU pg per collagen).

Morphological observation of collagen distribution in aortic media
wall. A 2- to 3-cm segment of the descending thoracic aorta
was fixed in 10% formalin and embedded in paraffin for
morphological study. Sections (7um) of aorta were stained
with picrosirius red (Direct Red 80, Aldrich, St Louis, MO, USA,
in aqueous picric acid) for 4 h. The ratio of type III/I collagen
in the aortic media wall was measured by polarizing light
microscopy (Nikon, E600POL), according to previously pub-
lished methods (Junqueira et al., 1978; Whittaker et al., 1994).

Reverse transcription-PCR. The total RNA from LV and aorta
were isolated using Trizol RNA preparation kit (GIBCO-BRL,
Grand Island, NY, USA) following the manufacturer’s
recommended procedures. For reverse transcription (RT)-
PCR analysis of gene expression of collagen I, collagen III,
transforming growth factor-p1 (TGF-B1), connective tissue
growth factor (CTGF) and receptor for AGE (RAGE), total
RNA was reverse transcribed and subsequently amplified by
PCR using the RNA PCR Kit Ver. 1.1 (TaKaRa Biotechnology
Co. Ltd, Dalian, China). Primers for PCR are shown in
Table 1. The PCR conditions were as follows: after an initial
denaturation for 2min at 94°C, PCR was performed in
indicated cycles. Each cycle consisted of denaturation at
94 °C for 20s, primer annealing at respective temperatures
for 30s (55 °C for collagen III and RAGE, 57 °C for collagen I
and TGFp1, 60°C for CTGF), and primer extension at 72°C
for 1min. A final 10min extension step at 72°C was
performed. The number of cycles used (28 for collagen III
and TGF1, 29 for CTGF and RAGE, 26 for collagen I) was
predetermined to be the greatest number of cycles within the
linear range. PCR product was separated by 2% agarose gel,
stained with ethidium bromide and visualized under UV
light with a multilmage TM light cabinet (Alpha Imager TM
2200, USA). Levels of mRNA were normalized to glyceralde-
hyde-3-phosphate dehydrogenase transcript.

Statistical analysis. Al results are expressed as mean + s.e.mean.
Comparisons among groups of data were made using
a one-way ANOVA followed by the Dunnett’s multiple
comparison tests. P-value of <0.05 was considered statisti-
cally significant.

Drugs. C36 (3-benzyloxycarbonylmethyl-4-methyl-thiazol-
3-ium bromide, chemical structure shown in Figure 1) and
ALT-711 (chemical structure as described previously (Bhat
et al.,, 1991) were synthesized by the Beijing Institute of
Pharmacology and Toxicology and identified by nuclear
magnetic resonance spectroscopy-mass spectroscopy and
elemental analysis. STZ, pepsin and picrosirius red were
purchased from Sigma Chemical Co. (St Louis, MO, USA).
PCR primers were synthesized by TaKaRa Biotechnology Co.
Ltd. All other chemicals and substances were of analytical
reagent grade unless stated otherwise.
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Table 1 Sequences of the primers used in the PCR measurements

Gene Sense Sequence GenBank no./ref. Product size (bp)

Collagen | Forward AACCTGGAGTCAGACATGGG XM 213440 359
Reverse ATGCCCACTCCCTAACAGTG

Collagen llI Forward GTCCACGAGGTGACAAAGGT NM 032085 388
Reverse TAATATGGTGAAAAGCCGCC

TGF-p1 Forward CTTCAGCTCCACAGAGAAGAACTGC NM 021578 297
Reverse CACGATCATGTTGGACAACTGCTCC

CTGF Forward GTGTGAAGACCTACCGGGCTAAGT NM 022266 609
Reverse AAGCTATAATGTCCCTCCCCTGTC

RAGE Forward CACGCTTCGGTCAGAGCTCA NM 053336 513
Reverse ATGAGCAGAGCGGCTATTCC

GAPDH Forward TCCCTCAAGATTGTCAGCAA X02231 307
Reverse AGATCCACAACGGATACATT

Abbreviations: AGE, advanced glycation endproduct; CTGF, connective tissue growth factor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RAGE,

receptor for AGE; TGF-B1, transforming growth factor-p1.

Results

Breaking activity in vitro

As shown in Figure 2, incubation with either C36 or ALT-711,
over a range of concentrations, released BSA from preformed
glycated-BSA-collagen complexes. However, C36 was more
effective than ALT-711 in vitro, at the higher concentrations
used (Figure 2).

Figure 3 illustrates the effects of incubation in vitro with
C36 or ALT-711 on AGE cross-links formed in vivo, using
RBCs from diabetic rats in which IgG is linked to the RBC
surface (RBC-IgG). After overnight incubation with either
C36 or ALT-711, there was less IgG linked to the surface of
the cells. Here also, C36 was more effective at lower
concentrations, than ALT-711.

Assay of C36 actions in vivo

We first analysed the effects of C36 on cardiovascular
functions in diabetic rats (Table 2). Compared with normal
nondiabetic control rats, the diabetic rats exhibited lower
body weight, heart rate, cardiac output and SAC. Diabetic
rats also had higher TPR and TPR index. As shown in Table 2,
treatment with ALT-711 or C36 for 4 weeks resulted in
significant increases in cardiac output and cardiac index,
reduction of TPR and TPR index, and increase of stroke
volume and SAC, as compared to untreated diabetic rats.
Further, C36 increased SAC in a dose-dependent fashion
(Table 2).

We next sought to evaluate the effect of C36 on LV
function. We found that both contractile functions, such as
left ventricular systolic pressure (LVSP) and pos dP/dTyax,
and relaxant functions, such as neg dP/dTn.x, Wwere
decreased significantly in the diabetic group, compared to
normal rats (Table 3). However, treatment with either C36
(12.5, 50mgkg™") or ALT-711 (12.5mgkg™") for 4 weeks
resulted in a significant increase in all of these three
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g 24 A /ﬁ
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Figure 2 Breaking of advanced glycation endproduct (AGE) cross-
links in vitro. Preformed AGE-BSA-collagen complexes were incu-
bated with C36 or ALT-711 and the subsequent release of BSA
assayed by ELISA. Both C36 and ALT-711 increased the release of
BSA from the AGE-BSA-collagen complex, but C36 was more
effective at the higher concentrations used. All values are given as
mean = s.e.mean (n=6). *P<0.05 vs corresponding value of ALT-

711.  C36, 3-benzyloxycarbonylmethyl-4-methyl-thiazol-3-ium
bromide.

parameters (Table 3) as compared to untreated diabetic rats,
without changing body weight or blood glucose levels.

Effects of C36 on RBC-IgG content

IgG cross-linked to red blood cell surface content usually
represents the extent of AGE cross-linking to the surface of
RBC in diabetes. To assess if treatment with C36 in vivo could
reverse this process, the RBC-IgG content in six groups of
animals were measured. As shown in Figure 4, diabetic rats
have significantly higher RBC-IgG content than that in

British Journal of Pharmacology (2007) 152 1196-1206



Cardiovascular effects of C36, AGE breaker

1200 G Cheng et al

40 A

*

35 -

*

25 1

20 T

15 ~

RBC surface IgG (% decrease)

110
C36(uM)

100 10 100 1000
ALT-711(uM)

Figure 3 Breaking of advanced glycation endproduct (AGE) cross-
links in vitro. AGE cross-links were formed in vivo as IgG cross-linked
to the surface of red blood cells (RBC-IgG). RBCs from diabetic rats
were incubated overnight with C36 or ALT-711 and release of IgG
into the supernatant measured. C36 increased IgG release in
a concentration-dependent manner. All values are given as
mean ts.e.mean (n=6). *P<0.05 vs corresponding value of ALT-711.
C36, 3-benzyloxycarbonylmethyl-4-methyl-thiazol-3-ium bromide.

normal rats. However, treatment with either C36 (25,
50mgkg™') or ALT-711 (12.5mgkg™") for 4 weeks resulted
in a significant decrease in RBC-IgG content as compared to
diabetic rats. The effects of C36 appeared to be dose-
dependent (Figure 4).

Effects of C36 on collagen solubility

Compared with normal rats, the solubility of tail-tendon
collagen in the diabetic rats was significantly decreased
(Figure 5). After in vivo treatment with C36 or ALT-711, the
collagen solubility was increased significantly (Figure 5), but
this effect was significantly less for ALT-711 (12.5mgkg™")
than that of C36 (50mgkg '; Figure 5). The solubility of
myocardial LV collagen was also decreased in diabetic rats
but increased significantly after 4 weeks of treatment with
either C36 (50mgkg™") or ALT-711 (12.5mgkg™").

Effects of C36 on AGE contents in LV myocardium and aorta

We found that the accumulation of AGE in myocardial and
aorta collagen, as assessed by collagen-associated fluores-
cence were significantly increased in diabetic rats compared

Table 2 Effects of treatment with C36 or ALT-711 for 4 weeks on haemodynamic measurements in diabetic rats

Normal Diabetic ALT-711 C36
Dosage mgkg™’ 12.5 12.5 25 50
Blood glucose ~ mm 4.140.03 26.8 £0.32" 27.4+0.34 27.1£0.30 26.1+0.40 27.4+0.28
Body weight g 469.9+1.6 294.9+2.6" 317.4+3.6 290.8+3.1 302.3+2.4 307.5+3.3
Systolic BP mm Hg 121.4%2.0 123.2+1.8 121.5+2.2 119.1£2.0 116.0£0.8 108.7+1.3
Diastolic BP mm Hg 100.6+1.8 92.7+1.9 93.2+2.6 88.5+2.2 88.5+1.3 83.8+1.6
Mean BP mm Hg 107.5+1.8 102.9+1.8 102.6+2.4 98.7 +2.1 97.7+1.1 92.1+1.5
Pulse BP mm Hg 20.8+0.2 30.6+0.7"* 28.3+0.6 30.7£1.1 27.5+0.7 25.7+0.4
Heart rate beats min~" 351.9£3.1 312+ 4.6" 319.3+4.2 303.3£5.6 309.7£2.3 293+2.1
Cardiac output ~ mlImin~" 103.9£1.0 66.8+0.5" 80.0+0.9** 74.4+0.8* 78.340.7** 82.2+0.8**
Cardiac index ~ mlmin~'cm™2 0.188+0.002 0.166+0.001%  0.189 £0.002** 0.186+0.001* 0.191£0.002** 0.198+0.002**
TPR 103dynescm™> 83.5+1.6 123.3+2.0% 102.6 £2.3* 107.3+2.6 101.1£1.9* 90.7 +£1.8*
TPR index dynescm™3 128.9+4.9 305.0 + 4.5 240.8 + 4.4** 269.8+6.7 246.3+4.3* 219.8+4.8*
Stroke volume  ml per beat 0.297+0.004 0.218+0.004"  0.254+0.003* 0.252+0.004  0.255+0.004*  0.282+0.003**
SAC 10~ ml per mmHg  14.6+0.2 7.3+0.1" 9.3+0.2* 8.8+0.2 9.8 +0.2* 11.440.1%*

Abbreviations: Cardiac index, cardiac output corrected for body surface area; DBP, diastolic blood pressure; SAC, systemic arterial compliance; SBP, systolic blood

pressure; TPR, total peripheral resistance; TPR index, TPR corrected for body surface area.
All values are given as mean ts.e.mean (n=10).
#p<0.05, #P<0.01 vs normal control, *P<0.05, **P<0.01 vs diabetic, °P<0.05 vs C36 12.5mgkg—1.

Table 3 Effects of treatment with C36 or ALT-711 on LV function in diabetic rats

Normal Diabetic ALT-711 C36

Dosage mgkg™’ 12.5 12.5 50

Blood glucose mMm 4.2%0.1 26.4+0.2% 27.4%0.4 27.140.2 27.1+0.4
Body weight g 479+1.4 307 +2.3** 289+2.6 298+2.1 304+1.6
Heart rate beats min~' 354+3.1 314+1.8% 341+3.9* 310+1.3 333+1.6*
LVSP mm Hg 146.7+1.6 116.9 £0.9"* 130+1.7% 128.7 +1.0* 136.3+0.6**
pos dP/dTyax mmHgs™' 3731.1+11.1 2928.6 +27.5"* 3489 + 36.9** 3265.7 £23.0%* 3469.3 £15.6**
neg dP/dTyax mmHgs™' 3440.7 +20.2 2626.3 +35.1%* 3221 £41.0% 2927.9 + 24.4* 3252.3£11.9**

Abbreviations: LVSP, left ventricular systolic pressure; neg dP/dT,,.x, maximal rate of LV pressure fall; pos dP/dT,.x, maximal rate of LV pressure rise.

All values are given as mean +s.e.mean (n=10).
#p<0.05, "#P<0.01 vs normal control, *P<0.05, **P<0.01 vs diabetic.
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Figure 4 Effects of treatment in vivo with C36 or ALT-711 on IgG
cross-linked to the RBC surface in diabetic rats. All values are given as
mean +s.e.mean (n=38). *"P<0.01 vs nondiabetic normal control,
*P<0.05, **P<0.01 vs untreated diabetic (model control) and
°P<0.05 vs C36 (12.5mgkg™"). C36, 3-benzyloxycarbonylmethyl-
4-methyl-thiazol-3-ium bromide.
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Figure 5 Effects of treatment in vivo with C36 or ALT-711 on the
solubility of tail-tendon collagen and of LV myocardial collagen, in
diabetic rats. All values are given as meanzts.e.mean (n=10).
#p<0.01 vs nondiabetic normal control, *P<0.05, **P<0.01 vs
diabetic, P<0.05 vs ALT-711 and °°P<0.01 vs C36 12.5mgkg~".
C36, 3-benzyloxycarbonylmethyl-4-methyl-thiazol-3-ium bromide.

with normal controls (Figure 6). However, after treatment in
vivo with C36 (12.5, 25 and 50mgkg™"), the LV myocardial
and aorta fluorescence were significantly decreased in a dose-
dependent fashion, as compared to untreated diabetic rats
(Figure 6). Similarly, ALT-711 (12.5mgkg™') treatment
resulted in a significant decrease of fluorescence in the LV
myocardium and aorta, as compared to diabetic rats.

Effects of C36 on the ratio of collagen type I and type III in aortic
media wall

After staining with picrosirius red, different types of collagen
in the aortic media wall were distinguished by polarizing
light microscopy, where type I collagen appeared to be
yellow or yellow-red, and type III collagen, green (Figure 7).
In this set of experiments, the type III/I collagen ratio of the
aortic media wall tended to increase in diabetic rats
(Figure 7b). Treatment of diabetic rats with C36 (50 mg kg‘l)
or ALT-711 (12.5mgkg™") reversed this change (Figures 7c
and d, respectively).
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Figure 6 Effects of treatment in vivo with C36 or ALT-711 on the
advanced glycation endproduct (AGE)-collagen content in LV and
aorta in diabetic rats. Fluorescence corrected for collagen (as FAU pg
per collagen). All values are given as meanzts.e.mean (n=_8).
#p<0.01 vs nondiabetic normal control, *P<0.05, **P<0.01 vs
diabetic and “°P<0.01 vs C36 12.5mgkg~"'. C36, 3-benzyloxy-
carbonylmethyl-4-methyl-thiazol-3-ium bromide.

RT-PCR results

Receptors for AGE have been identified, and via receptor-
dependent mechanisms, AGE induction of cytokines and
growth factors has been proposed to contribute to diabetic
complications (Cooper, 2001; Candido et al., 2003). To
investigation whether C36 treatment can reverse these
processes, we measured the expression of some relevant
genes in aortas and LV of diabetic rats. Compared with
normal rats, the gene expression of RAGE, TGF-B1, CTGF and
collagen III were upregulated in diabetic aortas. C36 and
ALT-711 prevented the increase in expression of these genes,
and no significant differences were observed when C36 and
ALT-711 treatment were compared (Figure 8). Changes in the
expression of these genes in aorta paralleled those seen in LV
myocardium (Figure 9).

Discussion

The present study shows that C36, a novel breaker of AGE
cross-links, could break these links both in vitro and in vivo,
thus improving the functions of the cardiovascular system of
diabetic rats.

Advanced glycation endproduct cross-links are permanent
and irreversible complexes formed when glucoses bind to the
target proteins. These are usually housekeeping proteins
including collagen and elastin. AGE cross-links accumulate
in diabetic patients and animals and cause diabetic cardio-
vascular complications (Singh et al., 2001). Therefore, the
breakdown of these complexes provides a potential treat-
ment for such diabetic complications.

In this study, we evaluated C36 as an AGE cross-links
breaker and found that C36 could cleave these cross-links
very effectively in vitro. To confirm this activity of C36 in
vivo, several tests were performed in STZ-induced diabetic
rats. Treatment with C36 for 4 weeks resulted in a significant
increase in LVSP, pos dP/dTyax and neg dP/dTy.x; and an
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Figure 7 Picrosirius red staining for the distribution of collagen between types | and Ill in descending thoracic aorta from normal control rats
(a), diabetic (b), C36-treated (c) and ALT-711-treated (d) rats. Type | collagen appears yellow or yellow-red, while type Ill collagen appears

green. Magnification x 200.

increase of cardiac output and SAC; accompanied by
decreased TPR. Furthermore, C36 reduced the diabetes-
induced RBC-IgG content, increased myocardial and tail-
tendon collagen solubility, and normalized the collagen type
III/1 ratio in diabetic rats. Finally, C36 treatment attenuated
mRNA levels of diabetes-induced genes, including RAGE,
TGF-B1, CTGF and collagen III in aorta and myocardium.

Structural matrix proteins such as collagen and elastin
play an integral role in the maintenance of cardiovascular
elasticity function and vascular wall integrity (Bruel and
Oxlund, 1996). It is believed that formation and accumula-
tion of AGE cross-links in matrix proteins result in
biomechanically rigid structures and tissue stiffness, even-
tually impairing the normal functions of contractile organs
(Brownlee et al., 1988a; Avendano et al., 1999). In this study,
we found that diabetes not only led to significant accumula-
tion of AGE cross-links in aorta and myocardium, but also
promoted tissue stiffness and dysfunction. However, after
C36 treatment in vivo, the above parameters were restored
significantly. The increase of SAC and the decrease of TPR
indicated that the stiffness of the aorta was reduced to the
levels comparable to those observed in normal control rats.
Both the diastolic functions of LV, such as neg dP/d Ty, and
the contractile functions, such as LVSP and pos dP/dTax,
were also improved significantly. These results further
substantiate the effectiveness of C36 on the dysfunction in
the cardiovascular system in diabetic rats.

It is widely accepted that pathological actions of AGE
are mediated through two mechanisms, one receptor
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independent and the other, receptor dependent. The first is
considered particularly relevant to arterial and myocardial
stiffening through overaccumulation of AGE related to the
extracellular matrix. The latter tend to be more important in
the genesis and exacerbation of macrovascular and cardiac
diseases through various cellular stress challenges (Zhou
et al., 2003). RAGE acts as a signal transduction receptor for
AGE. RAGE-AGE interaction activates multiple intracellular
signalling pathways, including P21/RAS, MAP kinase p38,
CDC42/RAC, NAD(P)H oxidase/reactive oxygen species and
nuclear transcription factors, such as NF-xB. In contrast to
many other receptor systems, the RAGE-AGE interaction is
thought to upregulate RAGE expression and to amplify the
inflammatory and oxidative damage cascade at the local
site of tissue damage (Schmidt et al., 2001). Like AGE, an
increased level of RAGE had been found in cardiac and renal
tissue in diabetes (Brett et al., 1993). ALT-711 treatment
reduced cardiac and renal AGE levels and prevented the
increase in RAGE expression (Candido et al., 2003; Coughlan
et al., 2007). As expected, diabetic rats exhibited increased
AGE and RAGE expression in LV and thoracic aorta, which
were reduced significantly by C36 treatment in this study.
In diabetes, fibrosis is also an important pathological cause
of end-organ function impairment and development of
complications. Recently, several studies have shown that
the upregulation of profibrotic cytokines and abnormal
distribution of extracellular matrices are associated with
the increased AGE and RAGE levels in diabetes (Yan et al.,
1994; Throckmorton et al., 1995; Stern et al., 2002; Candido
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Figure 8 (a) Expression of genes for collagen I, collagen Ill, transforming growth factor-p1 (TGF-B1), connective tissue growth factor (CTGF)
and receptor for AGE (RAGE), assayed by reverse transcription (RT)-PCR, in aorta from normal control and untreated, C36-treated, ALT-treated
diabetic rats. Gene expression was normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA IeveI and expressed relative
to the normal control group, which was arbitrarily designated as 1. All values are given as mean % s.e.mean (n=>5). *P<0.01 vs nondiabetic
normal control, *P<0.01 vs dlabetlc (b) Shows a representative gel. Lanes: C (normal control), D (diabetic), C36 (C36 50 mg kg‘1 treatment),
ALT-711 (ALT-711 12.5mgkg™" treatment). AGE, advanced glycation endproduct; C36, 3-benzyloxycarbonylmethyl-4-methyl-thiazol-3-ium

bromide.

et al., 2003). Although the precise mechanisms are not yet
clear, RAGE-dependent pathways are believed to be involved
in the fibrosis-related actions (Throckmorton et al., 1995).
TGF-p1, a potent profibrotic growth factor leading to
extracellular matrix accumulation and fibrosis, was elevated
in diabetes (Twigg et al., 2002a; Candido et al., 2003; Zhou
et al., 2004). CTGE, a recently identified peptide that acts as
a downstream mediator of TGF-Bl-induced fibrosis, has
also been implicated in diabetes-induced renal fibrosis and

shown to be specifically stimulated by AGE in a range of cell
types, including human dermal fibroblasts and mesangial
cells in vitro (Murphy et al., 1999; Twigg et al., 2002b). In this
study, we found that diabetes not only increased the gene
expression of RAGE, but also increased the gene expression
of TGF-B1 and CTGF in LV and aorta. Those results are in
agreement with that observed in the study of Candido et al.
(2003). However, C36 treatment prevented the increase in
RAGE, TGFB1, CTGF in LV and in aorta.

British Journal of Pharmacology (2007) 152 1196-1206
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Figure 9 (a) Expression of genes for collagen I, collagen lll, transforming growth factor-p1 (TGF-B1), connective tissue growth factor (CTGF)
and receptor for AGE (RAGE), assayed by reverse transcription (RT)-PCR, in LV from normal control and untreated, C36-treated, ALT-treated
diabetic rats. Gene expression was normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA level and expressed relative
to the normal control group, which was arbitrarily designated as 1. All values are given as mean * s.e.mean (n=>5). *P<0.01 vs nondiabetic
normal control, *P<0.01 vs diabetic. (b) represents gel figure. Lanes: C (normal control), D (diabetic), C36 (C36 50 mgkg ™" treatment), ALT-
711 (ALT-711 12.5mgkg~" treatment). AGE, advanced glycation endproduct; C36, 3-benzyloxycarbonylmethyl-4-methyl-thiazol-3-ium

bromide.

Collagen, especially the types III and I collagen, are
integral components of structural protein in cardiovascular
tissue. The type I collagen is present as thicker fibres
distributed in the elastic laminae and contributes signifi-
cantly to the tensile strength of the vessel wall. Type III
collagen is present as thin fibres interlaced with the thicker
fibres forming a fibrous network which, together with the
elastic laminae, allows the aorta to regain its shape by
recoiling from pressure-volume deformation. It has been
proposed to contribute to the elastic properties of the vessel
wall (Bruel and Oxlund, 1996). The earlier studies have
generally shown an association between increased collagen
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type III and/or III/I ratio with the accumulation of AGE
cross-links in diabetic patients and rats (Shimizu et al., 1993;
Bruel and Oxlund, 1996). In this study, STZ-induced diabetic
rats with 16 weeks duration of diabetes exhibited a marked
increase of collagen type III/I ratio as assessed by picrosirius
red staining and by RT-PCR of arterial collagen distribution
and gene expression. However, there were no significant
changes in type I collagen protein and gene expression in the
diabetic aorta. Therefore, it is more likely that an increase of
type III collagen expression is the main event induced by
glucose-derived cross-linking of extracellular collagen matrix.
We also observed such results in myocardium that were



consistent with previous reports (Shimizu et al., 1993;
Candido et al., 2003). As would be predicted, C36 treatment
reduced the type III collagen expression and decreased the
ratio of type III/I collagen. In fact, those reductions in aorta
and myocardium would lead to tissue remodelling and
normalization of structures and be beneficial to cardiovas-
cular function.

It was noticed that C36 appeared to be more effective than
ALT-711 (a thiazolium compound known to act as an AGE
breaker) in vitro, but the effects of C36 in vivo were not
significantly greater than those of ALT-711 when different
C36 treatments and ALT-711 treatments were compared.
This may be attributed to the different pharmacokinetics of
ALT-711 and C36 in vivo. In our results from the in vivo
assays, heart rate did not change significantly during
treatment with C36 or ALT-711 (Table 2) as compared to
the untreated diabetic group, which was consistent with
previous studies on ALT-711 (Wolffenbuttel et al., 1998;
Cheng et al., 2005). However, in LV function experiments,
both ALT-711 and C36 treatments resulted in a significant
increase in heart rate (Table 3). These disparate results may
simply be due to differences in experimental protocols, but
they remain to be clarified in future studies. Since AGE is a
heterogeneous group of complexes, the exact mechanisms
underlying the breaking activities of ALT-711 or PTB in vivo
remain unclear. However, previous studies have provided in
vivo evidence that the thiazolium class of compounds were
able to retard AGE accumulation in vivo (Cooper et al., 2000;
Candido et al., 2003). Another new thiazolium compound,
C36 also significantly reduced AGE accumulation in vivo in
the present study, suggesting that C36 could also specifically
break AGE in vivo. Whether C36 remains stably linked to one
partner of the original protein-protein cross-link remains to
be determined. Further, whether C36 itself has any direct or
acute effect on normal rats, as well, remains undetermined at
present. Our studies involved the myocardium and aorta, but
PTB also prevented the increase of AGE in smaller blood
vessels such as the mesenteric artery and the diabetes-
associated mesenteric vascular hypertrophy, through its
AGE-breaking effects on preformed AGE (Cooper et al.,
2000), an effect that was not explored in the present study.

In summary, C36, a novel AGE cross-link breaker, has the
ability to reduce AGE cross-links in vitro and in vivo, to
prevent fibrosis-associated gene expression and to improve
diabetes-associated cardiovascular dysfunction in rats. This
provides a potential therapeutic approach for cardiovascular
stiffness in diabetes.
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