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Background: Prediabetes and the onset of cardiovascular diseases (CVD) are strongly related.
Prolonged hyperglycemia has been identified as a major contributing factor in the pathogenesis of
CVD and diabetic complications. The management of hyperglycemia and prediabetes-associated
vascular complications rely on pharmacotherapy and lifestyle intervention strategies. However,
patients still take the conventional drugs and neglect lifestyle intervention; therefore, newer
alternative drugs are required. The synthesized ruthenium Schiff base complex has been shown
to have elevated biological and antidiabetic activity. Thus, the research investigated the cardio-
protective effects of ruthenium (II) Schiff base complex in diet-induced prediabetic (PD) rats.
Materials and methods: The rats were randomly allocated to respective groups and treated
for 12 weeks. Ruthenium (15 mg/kg) was administered to PD rats once a day every third day.
Blood pressure and plasma glucose were monitored throughout the study. Blood and heart tissue
were collected for biochemical assays.

Results: Ruthenium complex with dietary intervention lead to reduced mean arterial blood
pressure which correlated with a restored heart to body weight ratio. Additionally, there was a
significant decrease in tissue malondialdehyde and increased superoxide dismutase and gluta-
thione peroxidase concentration in both the plasma and heart tissue. Furthermore, there was a
decrease in plasma triglycerides, low-density lipoprotein with an increased high-density lipopro-
tein concentration in ruthenium-treated rats. This was further evidenced by reduced plasma tumor
necrosis factor-o, IL-6, and cardiac C-reactive protein concentrations in ruthenium-treated rats.
Conclusion: Ruthenium coupled with dietary intervention decreased the risk of developing
cardiac injury, thus preventing CVD in prediabetes. Therefore, this complex may be a beneficial
therapeutic agent in the prevention of PD cardiovascular complications.

Keywords: prediabetes, cardiovascular complications, ruthenium, dietary intervention, lipid

profile, antioxidants, anti-inflammatory

Introduction

Prediabetes and the onset of cardiovascular diseases (CVD) are strongly related.'™
Prolonged hyperglycemia has been identified as a primary contributing factor in the
pathogenesis of CVD and diabetes complications.’ Most obese patients are prediabetic
(PD) and insulin resistant, which is correlated with subclinical inflammation character-
ized by overexpression of cytokines by adipose tissue and activated macrophages.®’ In
PD patients, pro-inflammatory mediators, such as tumor necrosis factor-o. (TNF-o),
IL-1, IL-6, leptin, C-reactive protein (CRP), and adiponectin are involved in signal-
ing pathways, insulin mechanism, and endurance of inflammatory response.” Pro-
inflammatory mediators play a crucial role in inducing insulin resistance and type 2
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diabetes mellitus (T2DM) via involvement of oxidative stress
and activation of various transcriptional-mediated molecular
and metabolic pathways.® Glucolipotoxicity induces the
generation of reactive oxygen species (ROS) and oxidative
stress leading to the generation of various pro-inflammatory
cytokines.® Furthermore, these cytokines invade the vessels’
wall, encouraging lipid accumulation and leading to athero-
sclerosis and CVD.*! Insulin resistance encourages free fatty
acid (FFA) elevation.!' Elevated FFA underline increased
storage of triglycerides (TG) in tissues and lower high-
density lipoprotein (HDL) levels.!"!? In a study involving PD
animals, elevated blood pressure was observed in addition
to impaired endothelial vasodilation and vascular reactivity
during the onset of the disease.!*"'* Ruthenium complex have
been synthesized and complexed with nitric oxide (NO)
ligand as an NO donor and scavenger.'® NO released from
the ruthenium improves vasodilation.' Antonyan et al have
demonstrated that ruthenium with medicinal plant curcumin
as Ru (II)-curcumin derivative complexes showed dipeptidyl
peptidase-4 (DPP-1V) inhibitor activity; thus, the use of
DPP-1V inhibitors rises the circulating levels of endogenous
glucagon like pepdite-1 leading to improved insulin secretion
biosynthesis and inhibiting glucagon release.!” More recently,
we have shown that the ruthenium Schiff base complex
ameliorate glucose metabolism and prolong the progres-
sion of T2DM.'®!° However, the cardioprotective effects of
ruthenium Schiff base complex in diet-induced PD rats are
unknown. Thus, the goal of this study was to investigate the
protective effects of novel ruthenium Schiff base complex
on cardiovascular complications in diet-induced PD rats.

Materials and methods
Synthesis of ruthenium (Il) Schiff base

complex

The ruthenium (II) Shiff base complex, [Ru"(H,ucp)CI(PPh,)]
(H,ucp =2,6-bis-((6-amino-1,3-dimethyluracilimino)methy-
lene)pyridine) was synthesized in our laboratory as previ-
ously reported.*® The complex was then characterized by
the following conductance measurements: UV/Vis, nuclear
magnetic resonance, electron spin resonance, and infrared
resonance spectroscopy as well as single crystal X-ray diffrac-
tion. Previous studies showed that the dose of the ruthenium
complex used in this study was nontoxic.

Animals and housing

In this study, 36 male Sprague-Dawley rats (150—180 g) were
used. The animals were housed in a room with a 12 hours
light/12 hours dark cycle and room temperature (25°C) for

the duration of the study. The animals in each group had
access to food and water ad libitum. All procedures and
conditions were carried out according to the Animal Research
Ethics Committee of the University of KwaZulu-Natal. The
committee approved all animal experiments (ethics no:
AREC/038/016M).

Experimental design

The induction of prediabetes was according to previous research
protocol.'® After 20 weeks of induction, the oral glucose toler-
ance test was used to determine prediabetes according to the
American Diabetes Association criteria. Fasting blood glucose
(FBG) level were measured 5 days after 20 weeks of induction.
The rats with the FBG of >5.6 mmol/L were considered PD
and grouped further for pharmacological studies. The treatment
started on the subsequent day and this was considered as the
first day of treatment. The study consisted of two main groups,
the non-prediabetic animals (NPD, n=6) and the PD animals
(n=30). After 20 weeks, the PD animals were divided into the
following groups. The first was PD group fed on high fat high
carbohydrate (HFHC) diet without treatment. The second group
(MTF + HFHC) was fed on HFHC diet and treated with oral
dose of metformin (MTF; 500 mg/kg, Sigma-Aldrich Co.,
St Louis, MO, USA). The third group (MTF + ND) was fed
on normal diet (ND) and treated with MTE. The forth group
(ruthenium [RU] + HFHC) was fed on HFHC diet and treated
with intramuscular injection of ruthenium complex (15 mg/kg)
while the fifth group (RU +ND) was fed on ND and treated with
ruthenium. The animals were treated once a day every third day
at 09:00 am for 12 weeks. Over the 12 week treatment period,
parameters such as body weight, food intake, FBG, and blood
pressure were measured every 4 weeks.

Blood collection and tissue harvesting

All animals were anesthetized with Isofor (100 mg/kg; Safe-
line Pharmaceuticals [Pty] Ltd, Roodepoort, South Africa)
using a gas anesthetic chamber (Biomedical Resource Unit,
University of KwaZulu-Natal, Durban, South Africa) for 3
minutes. Blood was collected by cardiac puncture and then
injected into individual precooled heparinized containers. The
blood was then centrifuged for plasma collection (Eppendorf
centrifuge 5403, Germany) at 4°C, 503 g for 15 minutes.
The heart was also collected and stored in a BioUltra freezer
(Snijders Scientific, Tilburg, Netherlands) at —80°C until
biochemical assays were done.

Biochemical analysis
Plasma total cholesterol (TC), TG, and HDL concentrations
were measured by the Global Clinical and Viral Laboratory
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(Amanzimtoti, South Africa). Low-density lipoprotein (LDL)
concentrations were calculated using Friedewald’s equation.
Cardiac CRP, plasma IL-6, TNF-0, superoxide dismutase
(SOD), and glutathione peroxidase (GPx) were analyzed
using separate, specific ELISA kits in accordance with the
manufacturer’s instructions (Elabscience and Biotechnology,
Wauhan, China), while heart tissue malondialdehyde (MDA)
levels were measured according to a previous research
protocol."

Statistical analysis

Data are reported as mean + SD. GraphPad Prism Software
(version 5) was used to conduct statistical analysis. The dif-
ferences between control and treated groups were analyzed
using one-way ANOVA followed by Tukey—Kramer. Values
of P<0.05 show statistical significance between the compared
groups.

Results
Mean arterial pressure (MAP)

measurements

Figure 1 shows MAP of NPD, PD, and PD-treated animal
groups monitored at week 0 and week 12. The PD and the
PD-treated groups started with the same increased MAP
(week 0) before treatment (Figure 1). When compared with
the NPD group, there was a significant rise in MAP of the
PD group to the end of the experimental period (P<0.05;
Figure 1). However, in comparison with the PD group, there
was a significant reduction in MAP upon administering RU
(15 mg/kg) coupled with both HFHC and ND in the PD-
treated animals (P<0.05; Figure 1). In addition, a similar
effect was observed in the MTF (500 mg/kg) treated animals
(P<0.05; Figure 1).

120 NPD
o PD
5 %0 MTF + HFHC
€ MTF + ND
EE_/ 60 RU + HFHC
2 RU + ND
= 30

0 12
Time (weeks)

Figure | The effects of ruthenium complex on MAP of PD animals for a treatment
period of 12 weeks.

Note: *, P<0.05 compared to NPD; o, P<0.05 compared to PD.

Abbreviations: HFHC, high fat high carbohydrate; MAP, mean arterial pressure;
MTF, metformin; ND, normal diet; NPD, non-prediabetic; PD, prediabetes; RU,
ruthenium.

Heart: body weight ratio

Table 1 shows heart to body weight ratios at 12 weeks treat-
ment period of NPD, PD, and PD-treated animal groups.
When compared with the NPD group, the PD group showed
a significant decrease in heart:body weight ratio (P<0.05;
Table 1). Interestingly, when compared with the PD group,
administration of RU (15 mg/kg) along with both HFHC and
ND showed a significant increase in heart:body weight ratio
in the PD-treated animals (P<0.05; Table 1). In addition, the
MTF (500 mg/kg) treated animals displayed similar results
(P<0.05; Table 1).

Lipid profile measurements

Table 2 shows plasma TC, TG, HDL, and LDL concentrations
of NPD, PD, and PD-treated groups at 12 weeks treatment
period (Table 2). Induction of prediabetes led to insignificant
increases in TG and LDL, and reduced HDL concentrations
in the PD group compared with NPD group (P<0.05; Table
2). However, administration of RU (15 mg/kg) coupled with
both HFHC and ND displayed a significantly reduced TG and
LDL, and increased HDL concentrations when compared
with PD group (P<0.05; Table 2). In contrast, MTF + HFHC
(500 mg/kg) treated group resulted in a further increase in
TG concentration when compared with PD group (P<0.05;
Table 2).

TNF-00 measurements

Figure 2 shows TNF-a concentration of NPD, PD, and
PD-treated animal groups, which was measured during the
terminal study (Figure 2). When compared with the NPD
group, the PD group displayed a significant increase in
plasma TNF-a concentration (P<0.05; Figure 2). Interest-
ingly, administration of RU + ND (15 mg/kg) displayed a

Table | The effects of ruthenium complex on heart:body ratio of
PD animals for a treatment period of 12 weeks

Groups Body Heart Heart:body
weight (g) weight (g) ratio (%)

NPD 388+0.063 1.56+0.20 0.40+0.063
PD 680+0.088* 1.72+0.17° 0.27+0.15°
MTF + HFHC 501+0.056*° 1.7362+0.088° 0.35+0.086**
MTF + ND 44310.039° 1.62+0.039+* 0.37+0.080°
RU + HFHC 490+0.059+* 1.5310.16° 0.31£0.12**
RU + ND 435+0.026° 1.510.11° 0.35+£0.063°

Notes: Values are presented as means + SD (n=6) in each group. *P<0.05 compared
to NPD, ®P<0.05 compared to PD.

Abbreviations: HFHC, high fat high carbohydrate; MTF, metformin; ND, normal
diet; NPD, non-prediabetic; PD, prediabetes; RU, ruthenium.
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Table 2 The effects of ruthenium complex on lipid profile of PD animals for a treatment period of 12 weeks

Groups TC (mmol/L) TG (mmol/L) HDL (mmol/L) LDL (mmol/L)
NPD 4.04+0.078 1.2240.062 1.70£0.052 2.40+0.090

PD 4.4310.10 3.3410.42* 0.85+0.024* 5.9340.15*

MTF + HFHC 4.0410.031 5.6210.44 0.77+0.080° 8.88+0.086*°
MTF + ND 4.09+0.048 0.91£0.10° 1.92+0.031° 1.88+0.080°

RU + HFHC 4.1740.062 1.87+0.272° 0.63+0.040* 4.4240.10°

RU + ND 4.11£0.062 1.17+0.024° 2.09+0.020° 2.05+0.10°

Notes: Values are presented as mean * SD (n=6) in each group. *P<0.05 compared to NPD; ®P<0.05 compared to PD.
Abbreviations: HDL, high-density lipoprotein; HFHC, high fat high carbohydrate; LDL, low-density lipoprotein; MTF, metformin; ND, normal diet; NPD, non-prediabetic;

PD, prediabetes; RU, ruthenium; TC, total cholesterol; TG, triglycerides.

significant decrease in plasma TNF-o concentration when
compared with PD group (P<0.05; Figure 2). In addition,
MTF +ND (500 mg/kg) group exhibited similar results when
compared with PD group (P<0.05; Figure 2).

IL-6 measurements

Figure 3 shows IL-6 concentration of NPD, PD, and PD-
treated groups at 12 weeks treatment period (Figure 3).
Induction of prediabetes resulted in significantly increased
plasma IL-6 concentrations when compared with NPD group
(P<0.05; Figure 3). Interestingly, administration of RU (15
mg/kg) coupled with both HFHC and ND attenuated the PD-
associated increases of plasma IL-6 concentration to within
range of the NPD group. In addition, the same effect was
observed in the MTF (500 mg/kg) treated groups (P<0.05;
Table 3; Figure 3).

CRP measurements

Figure 4 shows cardiac CRP concentration of NPD, PD, and
PD-treated animal groups, which was measured during the
terminal study (Figure 4). Induction of prediabetes resulted
in significantly increased heart CRP concentrations when
compared with NPD group (P<0.05; Figure 4). Interestingly,
administration of RU (15 mg/kg) coupled with HFHC and
ND attenuated the prediabetes-associated increases in heart
CRP concentration when compared with NPD group. In
addition, MTF (500 mg/kg) treated groups showed similar
results (P<0.05; Figure 4).

MDA and antioxidants measurements

Table 3 shows MDA and SOD and GPx concentrations in
heart tissue of NPD, PD, and PD-treated groups at 12 weeks
treatment period (Table 3). Induction of prediabetes resulted
in a significantly increased MDA concentration and decreased
SOD and GPx concentrations compared with NPD group
(P<0.05; Table 3). Interestingly, administration of RU + ND
(15 mg/kg) attenuates the PD-associated increased MDA

250 NPD

~ 200 PD
E o MTF + HFHC
2 150 @ MTF + ND
k] RU + HFHC
[T 100 RU + ND
P4
[

50

0

Groups

Figure 2 The effects of ruthenium complex on TNF-o. concentration of PD animals
for a treatment period of 12 weeks.

Note: *, P<0.05 compared to NPD; o, P<0.05 compared to PD.

Abbreviations: HFHC, high fat high carbohydrate; MTF, metformin; ND, normal
diet; NPD, non-prediabetic; PD, prediabetes; RU, ruthenium; TNF-0, tumor
necrosis factor-o.

400 NPD
PD

~ 300 MTF + HFHC

g) 200 a MTF + ND

= RU + HFHC

® RU + ND

Groups

Figure 3 The effects of ruthenium complex on IL-6 concentration of PD animals for
a treatment period of 12 weeks.

Note: *, P<0.05 compared to NPD; o, P<0.05 compared to PD.

Abbreviations: HFHC, high fat high carbohydrate; MTF, metformin; ND, normal
diet; NPD, non-prediabetic; PD, prediabetes; RU, ruthenium.

concentration in PD-treated group, while compensating the
decreased SOD and GPx concentrations in PD rats to within
NPD group (P<0.05; Table 3). In addition, MTF (500 mg/kg)
treated groups displayed a similar trend (P<0.05; Table 3).

Discussion

The induction of prediabetes by the HFHC diet resulted in
hyperglycemia, as stated in the previous studies.'>!®!” Chronic
hyperglycemia is known as the primary contributing factor
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Table 3 The effects of ruthenium complex on oxidative stress
and antioxidants of PD animals for a treatment period of 12 weeks

Groups MDA SOD (ng/ GPx (ng/mL)
(nmollg mL)
tissue)
NPD 0.62+0.026 71.95+0.042 1,780.14+0.042
PD 1.01+0.028° 66.42+0.052* | 1,617.24+0.072
MTF + HFHC 0.65+0.044° 68.7610.046 1,676.30+0.046"
MTF + ND 0.54+0.036° 72.26+0.040° | 1,842.29+0.040°
RU + HFHC 0.7240.020** | 70.25+0.046> | 1,763.14£0.071"
RU + ND 0.57+0.020° 72.81£0.071> | 1,826.80+0.046"

Notes: Values are presented as mean £ SD (n=6) in each group. *P<0.05 compared
to NPD, °P<0.05 compared to PD.

Abbreviations: GPx, glutathione peroxidase; HFHC, high fat high carbohydrate;
MDA, malondialdehyde; MTF, metformin; ND, normal diet; NPD, non-prediabetic;
PD, prediabetes; RU, ruthenium; SOD, superoxide dismutase.

20
NPD

I 15 o PD
g MTF + HFHC
= MTF + ND
3 10 RU + HFHC
x RU + ND

5

0

Groups

Figure 4 The effects of ruthenium complex on CRP concentration of PD animals
for a treatment period of 12 weeks.

Note: *, P<0.05 compared to NPD; o, P<0.05 compared to PD.

Abbreviations: CRP, C-reactive protein; HFHC, high fat high carbohydrate;
MTF, metformin; ND, normal diet; NPD, non-prediabetic; PD, prediabetes; RU,
ruthenium.

in the pathogenesis of diabetic complications.?! Recently,
researchers have shown that hyperglycemia induces ROS
production, which activates several pathways.?>?* Additionally,
hyperglycemia-induced increases in electron transfer donors
(NADH and FADH2) enhance electron flux through the
mitochondrial electron transport chain, which further results
in greater production of ROS, thus causing oxidative stress.*
However, to evaluate the effects of ruthenium complex on
oxidative stress in the diet-induced PD rats, we evaluated the
levels of an oxidative stress marker MDA.?* The administra-
tion of a ruthenium complex along with dietary intervention
presented a declined MDA concentration in PD-treated group
suggesting an improved glycemic control. Moreover, living
organisms have their own way of defense from oxidative stress
through the production of antioxidant enzymes.?2 Therefore,
the results obtained were further evidenced by increases in
SOD and GPx concentrations in the PD ruthenium-treated
rats, suggesting that ruthenium complex composite the for-

mation of ROS and the production of the antioxidant defense
enzymes.?® In addition, increased ROS production through
advanced glycation end products (AGEs) which manifest
subsequent endothelial dysfunction may elucidate the reduced
coronary blood flow reserve and exacerbate hypertension.?*?’

During PD, hypertension may be present at the onset of
the disease.”®? The sympathetic nervous system overactivity
exacerbates elevated blood pressure.?’ The effects of insulin
resistance on NO pathway, smooth muscle growth, sodium
and fluid retention, and the excitatory effect of hyperglycemia
on the renin—angiotensin—aldosterone system are plausible
mechanisms that increase blood pressure in PD patients.*
Furthermore, impaired kidney function in diabetic patients
has been shown to further increase blood pressure due to fluid
retention.*® In the current study, high MAP resulting in elevated
blood pressure in PD rats throughout the 12-week experimental
period was observed. These changes were stabilized in PD rats
treated with the ruthenium complex coupled with dietary inter-
vention. These findings can be ascribed to the metal complex
along with dietary intervention improving insulin sensitivity
as insulin regulates sympathetic nerve activity.3! We speculate
that the mechanism by which the novel ruthenium (IT) Schiff
base complex corrected hemodynamic alterations observed
was mostly due to anti-inflammatory and antioxidant effects
leading to increased NO bioavailability.'**? Ruthenium com-
plexes such as trans-[Ru(NH,),P(OEt),(NO)](PF6), have been
shown to have similar antihypertensive activity but reduced
toxicity in animal work.* Trans-[Rull(cyclam)(NO)CI(PF6),
has shown prolonged antihypertensive activity and controlled
NO released in hypertensive rats.3%

Indeed, as in PD, hyperglycemia, hyperinsulinemia, and
hyperlipidemia lead to cellular and molecular changes ulti-
mately resulting in cardiac functional and structural impair-
ment.*7 Systolic and diastolic dysfunctions are related with
diabetic cardiomyopathy, particularly in the left ventricle.!
The results obtained showed a decreased heart weight to body
weight ratio in the PD group that was convoyed by an increase
in final body weight.!** However, treatment with a ruthenium
complex and dietary intervention showed a restoration of
heart to body weight ratio to within normal control group in
the PD-treated group. In addition, the final body weight of
ruthenium along with dietary intervention-treated rats was
significantly improved, and obesity was reversed. The results
obtained can be attributed to the ability of the ruthenium
complex to facilitate glycemic and hemodynamic control.

Lipid profile derangement in HFHC diet-induced PD
rats has been previously stated.’ Dyslipidemia in the HFHC
diet-induced PD rats showed worsened cardiovascular com-
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plications possibly due to increased TG, small and dense
LDL cholesterol levels, and decreased HDL cholesterol
levels. With such lipoproteins modifications, these lead to
aggressive atherosclerosis.*®** In the liver, the metabolism of
fructose ultimately turns into TG.** Therefore, excessive fruc-
tose consumption can lead to rapid increase in TG synthesis
levels and worsen CVD.* Interestingly, ruthenium-treated
rats had reduced TG and LDL cholesterol levels to within
normal range. We hypothesize that these observations can
be attributed to this metal complex stimulating lipoprotein
lipase while simultaneously inhibiting hormone-sensitive
lipase enzymes. The reduced TG and LDL cholesterol levels
may also be due to ruthenium complex ameliorating insulin
sensitivity.!® Furthermore, administering ruthenium complex
showed a significant increase in HDL levels in PD-treated rats,
suggesting an increased cholesterol clearance in the hepatic
tissue thus, decreasing risk of CVD.* Therefore, ruthenium
complex seemed to exert a therapeutic response in ameliorating
the undesired hypertriglyceridemia observed in PD patients.

PD is linked with subclinical inflammation.**> The high
levels of circulating plasma IL-6, TNF-0, and cardiac CRP
cytokines in HFHC diet-induced PD rats represented an
inflammatory response.®’ The study evidenced that ruthe-
nium complex along with dietary intervention can amelio-
rate inflammation by reducing plasma IL-6 and TNF-a.. The
results obtained can be effects of the metal complex which
ameliorated insulin sensitivity and glycemic control. The
transition metal copper inhibits the release of TNF-q, IL-1,
and IL-2 from macrophages by Cu-carboxylates. They also
exhibit a marked SOD-mimetic activity.*> CRP, another
marker of inflammation, has been stated to be a good marker
for predicting the risk of CVD.* In this study, the administra-
tion of ruthenium coupled with dietary intervention lowered
the concentration of CRP, and therefore lowered the risk of
CVD in PD ruthenium-treated rats. Additionally, oral admin-
istration of MTF has been reported to improve endothelial
function, provide protection from oxidative stress, inflam-
mation, as well as the negative effects of angiotensin I1.4
On the myocardium, MTF attenuates ischemia-reperfusion
injury and prevents adverse remodeling induced by humoral
and hemodynamic factors as further observed in the current
study.*

Conclusion

In summary, we have found that a mononuclear ruthenium
(IT) diimine complex along with dietary intervention pos-
sesses cardioprotective effects in HFHC diet-induced PD
rats by ameliorating oxidative stress and antioxidant defense
enzymes, reducing MAP, restorating heart to body weight

ratio, attenuating derangement in lipid profile, and reducting
cardiac inflammatory markers. The findings of the current
study, therefore, suggest that the use of this ruthenium
complex could be beneficial in the management of diabetes-
related CVD. Thus, this study warrants further investigations
into the molecular mechanisms of this compound on cardio-
vascular function.
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