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Artemisinin attenuates type 2
diabetic cardiomyopathy in rats

through modulation of AGE-RAGE/
HMGB-1 signaling pathway

Eman A. E. Farrag'™’, Maha O. Hammad?, Sally M. Safwat?, Shereen Hamed* & Doaa Hellal*

Diabetes mellitus is a common metabolic disorder. About two-thirds of diabetic patients develop
diabetic cardiomyopathy (DCM), which becomes a challenging issue as it severely threatens the
patient’s life. Hyperglycemia and the resulting advanced glycated end products (AGE) and their
receptor (RAGE)/High Mobility Group Box-1 (HMGB-1) molecular pathway are thought to be key
players. Recently, artemisinin (ART) has gained more attention owing to its potent biological activities
beyond its antimalarial effect. Herein, we aim to evaluate the effect of ART on DCM and the possible
underlying mechanisms. Twenty-four male Sprague-Dawley rats were divided into: control, ART,

type 2 diabetic and type 2 diabetic treated with ART groups. At the end of the research, the ECG was
recorded, then the heart weight to body weight (HW/BW) ratio, fasting blood glucose, serum insulin
and HOMA-IR were evaluated. Cardiac biomarkers (CK-MB and LDH), oxidative stress markers, IL-1j,
AGE, RAGE and HMGB-1 expression were also measured. The heart specimens were stained for H&E as
well as Masson'’s trichrome. DCM induced disturbances in all studied parameters; contrary to this, ART
improved these insults. Our study concluded that ART could improve DCM through modulation of the
AGE-RAGE/HMGB-1 signaling pathway, with subsequent impacts on oxidative stress, inflammation
and fibrosis. ART could therefore be a promising therapy for the management of DCM.

Diabetes mellitus (DM) is a metabolic disease that damages different body organs, causing kidney failure, vision
loss, autonomic and peripheral neuropathy, cardiovascular and cerebrovascular diseases'. DM is a dominant
worldwide health problem whose prevalence is approaching pandemic proportions; there are 451 million people
worldwide, and this is predicted to escalate to 693 million by 2045% About two-thirds of elderly diabetic patients
exist with myocardial dysfunction, the concept of a definite DM-related cardiomyopathy’. Diabetic cardiomyo-
pathy (DCM) ultimately develops congestive heart failure, which threatens the patients life, so DCM becomes
a challenging issue in the medical field*.

Despite extensive studies conducted to understand the pathogenesis of DCM, the exactmechanisms by which
hyperglycemia produces DCM are not completely confirmed®. It has been assumed that myocardial inflammation,
lipid accumulation, oxidative stress, apoptosis and fibrosis are related to the DCM pathogenesis®.

Hyperglycemia-induced glycation of proteins, lipids and nucleic acids resulted in the production of advanced
glycation end products (AGEs). Increased AGE is one of the most important consequences of hyperglycemia-
induced cellular injury. The presence of AGEs in the diabetic heart contributes to the release of reactive oxygen
species (ROS), pro-inflammatory cytokines and increased myocardial stiffness via activation of AGE receptors
(RAGE)’.

High mobility group box 1 protein (HMGB1) is a non-chromosomal nuclear protein that regulates gene
transcription and maintains the nucleosome structure. It translocates from nuclear to cytoplasmic organelles
and is actively released outside the cells under distress. HMGB-1 plays a crucial role in the progression of dia-
betic problems and its inhibition might have a potential prospective for treating DCM®. AGEs can upregulate
the HMGB-1 via increased oxidative stress’. Moreover, HMGB-1 intensified AGE mediated signalling pathways
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via RAGE binding'’. Although HMGBI has been implicated in hyperglycaemia-induced heart problems, the
fundamental mechanism still remains unclear.

Artemisinin (ART) was discovered by the Chinese professor Youyou Tu in 1972, who was awarded the
Clinical Medical Research Award in 2011 and the Nobel Prize in Physiology and Medicine in 2015. Presently,
ART-combination therapies have become the standard antimalarial treatment worldwide because ART and its
derivatives have the most rapid action on malaria with less adverse effects'’.

In addition to decades of remarkable progress against malaria, exciting evidence has reinforced that ART-
related compounds have great activities beyond antimalarial, such as improvement of cardiovascular disease, anti-
virus, anti-neoplastic, anti-inflammatory, antioxidative, and immunosuppressive effects. ART has been reviewed
in many human diseases such as rheumatoid, arthritis, systemic lupus erythematosus, and multiple sclerosis'>"*.

Previous animal studies have found that ART possessed hypoglycemic and anti-hyperlipidemic effects in
STZ induced diabetic mice, and even valuable effects on liver and renal functions. Artemisia extract alleviated
fatty liver and inflammatory responses in high-fat diet-fed mice. It is proven that ART caused the regeneration
of pancreatic beta-cell mass from alpha cells'*. However, the efficacy of ART for some diabetic complications,
such as DCM, remains to be evaluated.

As the treatment of DCM has not yet been undergone, this research will focus on the proposed therapeutic
properties of ART in DCM through modulation of the AGE-RAGE/HMGB-1 signaling pathway with subse-
quent improvement on oxidative stress, inflammation and fibrosis. ART could be an anticipated therapy for the
management of DCM.

Results

Effect of artemisinin treatment on ECG parameters. The HFD-STZ diabetic rats exhibited a sig-
nificant elevation in HR (P<0.001), PR interval (P<0.05), R wave amplitude, QRS duration and QT inter-
val (P<0.001) in contrast with the control and ART groups. The diabetic rats treated with ART significantly
decreased HR (P<0.001), PR interval, R wave amplitude (P<0.05) and QRS duration (P<0.001) in contrast with
the untreated diabetic group. Moreover, the QT interval showed a significant decrease in ART-treated diabetic
rats (P<0.001) compared with the untreated diabetic group (Table 1).

Study groups
Group IV (T2DM + ART)

Parameters Group I (control) (n=6) | Group II (ART) (n=6) Group III (T2DM) (n=6) | (n=6) Test of significant Pvalue
HR 102.83 £6.49* 105.50 +7.09* 224.83+19.858 173.83+1.55¢ F=133.69 0.001*
PR interval (s) 0.07 (0.04-0.08)* 0.06 (0.04-0.08)* 0.08 (0.08-0.12)® 0.06 (0.06-0.08)* KW =9.49 0.023**
R wave amplitude (mv) 0.85+0.124 0.85+0.184 1.28+0.208 0.93+0.124 F=10.005 0.001%
QRS duration (s) 0.04+0.014 0.03+0.014 0.08+0.028 0.04+0.014 F=20.53 0.001*
QT interval (s) 0.08+0.014 0.08+0.014 0.18+0.028 0.11+0.01¢ F=67.28 0.001*

Table 1. ECG parameters in the study groups. Data are presented as mean + SD and compared by one-

way ANOVA. **Data are presented as median (IQR) and compared by the Kruskal-Wallis H test. Pairwise

comparison is displayed as capital letters (similar letters mean a statistically insignificant difference, while

different letters mean a statistically significant difference), P values are significant if <0.05. ART, artemisinin;

T2DM, type 2 diabetes mellitus; HR, heart rate.

Study groups
Group IV (T2DM + ART)

Parameters Group I (control) (n=6) Group II (ART) (n=6) Group III (T2DM) (n=6) (n=6) F value P value
Heart weight (HW) (mg) 6924514 777 +454€ 1265+ 698 863+97¢ 81.77 0.001
Body weight (BW) (gm) 270.8 +14.4% 264.8+10.64 229+9.98 275.3+10.44 20.20 0.001
HW/BW (mg/gm) 2.57+0.314 2.93+0.084 5.53+0.30 2.92+0.504 101.49 0.001
FBG (mg/dl) 96.67 +2.804 89+2.834 396+ 18.24° 169.17 +14.29¢ 893.74 0.001
Insulin (pg/ml) 223.83+4314 238.17+5.56" 106.5+6.60¢ 185.50+11.62° 366.39 0.001
HOMA-IR 1.54+0.06" 1.50+£0.03* 2.99+0.318 2.22+0.15¢ 95.94 0.001

Table 2. Heart weight/body weight (mg/gm) and glucose profiles in the study groups. Data are expressed
as mean + SD. Comparison between the groups is performed with the one-way ANOVA test and followed by
the post-hoc Tukey’s test, which is displayed in capital letters (similar letters mean a statistically insignificant
difference, while different letters mean a statistically significant difference), P values are significant if <0.05.
ART, artemisinin; T2DM, type 2 diabetes mellitus; HW/BW, heart weight/body weight; FBG, fasting blood

glucose; HOMA-IR, homeostasis model assessment index.
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Effect of artemisinin treatment on HW, BW and HW/BW ratio. The HFD-STZ diabetic group
showed a significant increase (P<0.001) in the HW/BW ratio in comparison with the control and ART groups.
The ART-treated diabetic group revealed a significant reduction (P<0.001) in the HW/BW ratio in comparison
with the HFD-STZ diabetic group (Table 2).

Effect of artemisinin treatment on glucose profiles. Table 2 shows the glucose profiles of all the study
groups. The FBG levels and HOMA-IR of HFD-STZ diabetic rats were significantly higher than those of the
control and ART groups (P<0.001). The treatment of diabetic rats with ART significantly (P<0.001) reduced
the FBG levels and HOMA-IR compared to the HFD-STZ diabetic non-treated rats.

Serum insulin levels in HFD-STZ diabetic rats were significantly lower than those in the control and ART
groups (P <0.001). There was a significant increase in the diabetic + ART group compared to the HFD-STZ
diabetic group (P<0.001), but it was still lower than the normal control group.

Effect of artemisinin treatment on cardiac biomarkers (LDH and CK-MB). In order to investigate
the hyperglycemia-induced cardiomyopathy and the protective effect of Artemisinin, we investigated the serum
levels of LDH and CK-MB cardiac biomarkers. Our results illustrated higher levels of LDH and CK-MB in the
HFD-STZ diabetic group compared to the non-diabetic control rats (P <0.001). ART had the potential to signifi-
cantly reverse this change in the diabetic+ ART group compared to the diabetic rats (P<0.001) Table 3.

Effect of artemisinin treatment on oxidative stress biomarkers. The cardiac tissue levels of MDA
and GSH in the four study groups are demonstrated (Table 3). There was a significant elevation in the HFD-STZ
diabetic group compared to the control and ART groups (P<0.001). ART-treated diabetic group, exhibited a
significant reduction in tissue MDA in comparison with the HFD-STZ diabetic group (P<0.001).

The hearts of the HFD-STZ diabetic rats displayed diminished GSH content when compared with other
groups (P <0.001), which was reversed by ART treatment (P <0.001).

Effect of artemisinin treatment on IL-1B and AGE in the cardiac tissues. The cardiac tissue con-
tents of IL-1B and AGE are demonstrated in (Table 3). Cardiac tissues of the HFD-STZ diabetic rats displayed
increased IL-1p and AGE levels compared with other groups (P<0.001). This finding was inverted in the dia-
betic+ ART group (P<0.001).

Effect of artemisinin treatment on RAGE mRNA expression. To confirm the protective effect of
ART on the DCM, the relative quantitation in RAGE mRNA expression was detected by qRT-PCR (Fig. 1).
There was a significant difference in RAGE mRNA expression between the four groups (P<0.001). Post hoc
Tukey adjustment for RAGE mRNA expression showed a significant increase in the HFD-STZ diabetic group
compared to the control and ART groups (P<0.001). Moreover, RAGE mRNA expression in the diabetic rats
treated with ART was significantly decreased (P<0.001) compared to the HFD-STZ diabetic group.

Effect of artemisinin treatment on RAGE protein expression. Western blotting was utilized to eval-
uate the RAGE protein expression in the four groups (Fig. 1). It exhibited a statistically significant difference in
RAGE protein between the four groups (P<0.001). Post hoc Tukey adjustment showed a significant increase in
RAGE protein in the HFD-STZ diabetic group compared with the other groups (P<0.001). Upon investigating
the RAGE protein in the diabetic+ ART group, there was a significant decrease in RAGE protein compared to
that in the HFD-STZ diabetic group (P<0.001).

Effect of artemisinin treatment on cardiac histopathology. Routine histological examination of
the myocardium revealed that normal control and ART groups revealed polygonal cardiac muscle fibers with

Study groups

Group I (control) Group II (ART) Group III (T2DM) Group IV
Parameters (n=6) (n=6) (n=6) (T2DM + ART) (n=6) | Fvalue | P value
LDH (U/L) 1400+ 13.04* 1414.17 +£14.294 2235+ 14.14% 1518.33+8.16 410.39 0.001**
CK-MB (ng/ml) 0.36+0.01* 0.33+0.01* 0.51+0.048 0.36+0.02* 66.59 0.001**
MDA (nmol/g) 31.77+1.62% 28.75+0.90* 81.72+3.50" 39.50+1.15¢ 870.23 | 0.001**
GSH (mmol/mg) 0.95+0.094 0.92+0.064 0.40+0.08® 0.76 +0.06¢ 72.83 0.001**
IL-1p (pg/mg) 47.87+1.124 50.48 +0.604 110.50+2.978 61.45+2.59¢ 481.27 0.001**
AGE (ng/mg) 0.82+0.08* 1.03+0.08*B 3.55+0.27¢ 1.2240.15° 371.23 0.001**

Table 3. Biochemical parameters in the study groups. Data are expressed as mean + SD. Comparison between
the groups is performed with the one-way ANOVA and followed by the post hoc Tukey’s test, which is
displayed in capital letters (similar letters mean statistically insignificant difference, while different letters mean
statistically significant difference), P values are significant if<0.05. ART, artemisinin; T2DM, type2 diabetes
mellitus; MDA, malondialdehyde; GSH, reduced glutathione; LDH, lactate dehydrogenase; CK-MB, creatine
kinase-MB; AGE, advanced glycation end product; IL-1f, interleukin-1 beta.
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Figure 1. Expression of RAGE in rat cardiac tissues among all study groups (I, IL, III, IV). (A) RAGE mRNA
expression as determined by RT-qPCR. (B-D) RAGE protein expression as determined by western blotting.

(B) Representative picture for RAGE protein expression by western blotting (molecular weight: 46 kDa). (C)
B-actin protein bands (molecular weight: 43 kDa). -actin is selected as an endogenous control. (D) RAGE
protein relative quantitation by western blotting. Data are expressed as mean + SD. Comparison between

the groups is performed with the one-way ANOVA test and followed by the post-hoc Tukey’s test, which is
displayed in capital letters (similar letters mean a statistically insignificant difference, while different letters mean
a statistically significant difference), with significant P values (<0.05). ART, artemisinin; T2DM, type 2 diabetes
mellitus.

acidophilic cytoplasm and a central vesicular nucleus in most fibers. The cardiac muscle fibers were surrounded
by loose connective tissue containing fibroblasts with oval nuclei. The HFD-STZ diabetic rats showed degen-
erative changes in the form of myocardial cytoplasmic fragmentation and vacuolation. Additionally, many car-
diac muscle fibers of large diameter and some cardiac muscles were replaced by cellular infiltrates. Group IV
(T2DM + ART group) appeared almost similar to the normal control group (Fig. 2).

The HFD-STZ diabetic rats displayed a significant increase in the transverse diameter of cardiac muscles com-
pared with the control groups (Fig. 2E) (P<0.001). The treatment of diabetic rats with ART revealed a significant
decrease in the transverse diameter of cardiac muscles (P <0.001) compared with the untreated diabetic group,
while ART + diabetic rats exhibited a non-significant change compared with the control groups.

To evaluate the degree of collagen deposition, we stained sections of the myocardium in various groups with
Masson’s trichrome stain. The HFD-STZ diabetic rats showed a statistically significant increase in the percentage
area of Masson’s trichrome stain compared with the normal control and ART groups (P <0.001). The percentage
area of Masson’s trichrome stain in the diabetic + ART group showed a significant decrease compared to that in
the diabetic untreated group (P<0.001) (Fig. 3).
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Figure 2. Photomicrographs of H&E stained sections of the myocardium of the left ventricle among all study
groups (I, IL, ITI, IV). (A,B) H&E of Group I (control) and Group II (ART) respectively show transversely cut
polyhedral cardiac muscle fibers with mostly central vesicular nuclei and acidophilic cytoplasm with loose
connective tissue containing fibroblasts with flat nuclei (arrows). (C) Group III (T2DM) shows myocardial
cytoplasmic fragmentation (f) and vacuolation (zigzag arrows) and many cardiac muscle fibers of large diameter
(thick arrows), some cardiac muscles are replaced by cellular infiltrates (*) with extravasated RBCs. (D) Group
IV (T2DM + ART) appears more or less similar to Group I (H&E, bar 25 um). (E) Mean of transverse diameters
of cardiac muscle fibers (um) in the study groups. Data are presented as mean + SD. Comparison between

the groups is performed with the one-way ANOVA test and followed by the post-hoc Tukey’s test, which is
displayed in capital letters (similar letters mean a statistically insignificant difference, while different letters mean
a statistically significant difference). P values are significant if<0.05. ART, artemisinin; T2DM, type2 diabetes
mellitus.

Effect of artemisinin treatment on the cardiac HMGB-1. The HFD-STZ diabetic rats revealed a sig-
nificant increase in the percentage of immunostained areas for HMGB-1 (P<0.001) compared with the control
and ART groups. The treatment of diabetic rats with ART revealed a significant decrease in the percentage of the
immunostained areas for HMGB-1 (P <0.001) compared with the untreated diabetic group, while the ART treat-
ment of diabetic rats exhibited a non-significant change compared with the control and ART groups (Fig. 4).

Discussion

DCM is a diabetes-associated complication, which is known as the most essential cause of raised morbidity
and mortality among diabetic patients'>. Chemical antidiabetics have many side effects and are not effective in
managing diabetic complications; therefore, alternative therapies have been involved in the studies of diabetes
and its complications'®. One of the therapies is ART, which has ultimate benefits for the cardiovascular system,
but its effects on diabetes-related cardiac complications are still in the introductory stage. Accordingly, more
confirmation is needed to establish its role in DCM".
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Figure 3. Photomicrographs of Masson’s trichrome stained sections of the myocardium of the left ventricle
among all study groups (I, IL, III, IV). (A,B) Group I (control) and Group II (ART) respectively show fine
interstitial collagen fibers. (C) Group III (T2DM) shows obviously increased deposition of collagen fibers.

(D) Group IV (T2DM + ART group) appears more or less similar to group I (Masson’s trichrome staining, bar
25 um). (E) Percentage area of Masson’s trichrome stain in the study groups. Data are presented as mean £ SD.
Comparison between the groups is performed with the one-way ANOVA test and followed by the post-hoc
Tukey’s test, which is displayed in capital letters (similar letters mean a statistically insignificant difference, while
different letters mean a statistically significant difference), P values are significant if<0.05. ART, artemisinin;
T2DM, type 2 diabetes mellitus.

Our data based on the HFD-STZ induced DCM rat model showed that ART treatment for 8 weeks at a dose
of 75 mg/kg/day can alleviate cardiac ECG findings, cardiac biomarkers, inflammatory mediators, oxidative
biomarkers, myocardial fibrosis and myocyte disarray associated with DCM.

This study demonstrated increased heart rates, PR interval, QT interval, R wave amplitude and QRS duration
in HFD-STZ diabetic rats; signifying the electrical change effect of HFD-STZ on ECG findings. This result agrees
with the previous findings of Youssef et al.'. Left ventricular hypertrophy with myocardial fibrosis is a typical
sign of diabetic cardiomyopathy’®. These stimulate the sympathetic tone, which results in increased activity of the
sarcoplasmic reticulum by excessive stimulation of p-receptors®, leading to increased Ca** release, which could
explain the QT interval prolongation®'. The development of DCM leads to the formation of the left ventricular
bundle block and dysfunction in ventricular conductivity, resulting in prolongation of the QRS complex*’. ART
administration to diabetic rats’ alleviated ECG changes that appeared in untreated diabetic rats. The improved
cardiac function with ART application probably resulted from the improvement in coronary artery endothelium-
dependent relaxation and increased myocardial blood supply?’.

HFD-STZ diabetic rats showed significant increases in the HW/BW ratio. This result is in agreement with
the result of Jia et al.>, who reported that hyperglycemia prompts cardiac hypertrophy via cardiac IR and meta-
bolic disorders that increase mitochondrial dysfunction, AGEs and inflammation. The loss in body weight is
due to an increase in muscle protein catabolism, glycogenolysis, lipolysis and polyuria®. ART-treated diabetic
rats exhibited a significant reduction in the HW/BW ratio. Xiong et al.*® demonstrated that ART can attenuate
cardiac hypertrophy through its anti-inflammatory properties.

Regarding the glucose profiles, this study showed a significant elevation in serum glucose, HOMA-IR and a
significant decline in serum insulin in the HFD-STZ diabetic group. These results agree with studies performed by
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Figure 4. Photomicrographs of HMGB-1 immunostained sections of the myocardium of left ventricle among
all study groups (I, I, IIL, IV). (A,B) Group I (control), Group II (ART) respectively show mostly negative
reaction. (C) Group III (T2DM) shows very strong positive nuclear and cytoplasmic immune brown reactions
in many cardiac muscle fibers. (D) Group IV (T2DM + ART) shows mostly negative immune reaction with

the exception of some areas that show weak cytoplasmic reaction in some cardiac muscle fibers (black arrows)
(HMGB-1 immunostaining, bar 25 um). (E) Percentage area of immune stain in the study groups. Data are
expressed as mean = SD. Comparison between the groups is performed with the one-way ANOVA test and
followed by the post-hoc Tukey’s test, which is displayed in capital letters (similar letters mean a statistically
insignificant difference, while different letters mean a statistically significant difference). P values are significant
if<0.05. ART, artemisinin; T2DM, type 2 diabetes mellitus.

Feng et al.”” and Zaheri et al.?®. Insulin resistance is a condition in which cells fail to respond to the normal insu-
lin actions, resulting in hyperglycemia due to impaired glucose utilization by the cells. IR along with decreased
insulin secretion, results in T2DM?*. Moreover, a high fat diet is a responsible factor in developing IR*. IR is an
important cause in the development of DCM?!. It plays a fundamental role in physiopathology in the initiation
and progression of in vivo metabolic disorders™.

ART-treated diabetic rats revealed a significant reduction in glucose levels and HOMA-IR and an increase
in insulin levels. It has been reported that ART treatment attenuates diabetic hyperglycemia by elevating insulin
secretion, which has been observed in rats, mice and human islets*>. ART treatment could upregulate insulin
and the insulin-like growth factor binding protein-1*%. Additionally, several researches have demonstrated that
ART can increase insulin sensitivity and attenuate IR*>.

In the present study, diabetes-related cardiac damage was demonstrated by increased circulating levels of
CK-MB and LDH. These results are consistent with those of other studies®’~*°. Our findings showed that dia-
betic rats treated with ART significantly decreased serum CK-MB and LDH. Wang et al.* revealed that ART
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administration lowered CK-MB and LDH in myocardial ischemia/reperfusion injury*. ART can inhibit car-
diac damage by inhibiting the expression of the inflammatory factor IL-1B and decreasing the infiltration of
macrophages.

Regarding oxidative stress, the untreated HFD-STZ diabetic rats in the current research exhibited a signifi-
cant elevation in the cardiac MDA, while GSH was significantly diminished, these results are concomitant with
those of Al-Rasheed et al.*!. Hyperglycemia causes overproduction of mitochondrial superoxide and oxidative
stress (OS), which can damage vascular endothelial cells and internal organs, mostly the organs with plentiful
vessels, such as the heart*?. Tissue depletion of GSH and increased MDA levels lead to OS and consequent tissue
damage*>**. Moreover, our study reported that ART treatment significantly decreased MDA and increased GSH
levels. Zhang et al.*® reported the positive effects of ART on MDA and GSH levels. ART could regulate OS to con-
trol cellular processes; however, detailed understanding of the molecular mechanisms remains to be explored".

The pro-inflammatory markers are elevated in T2DM patients*®. Among the pro-inflammatory cytokines,
IL-1pB was found to be particularly important because it is the most elevated circulating pro-inflammatory
factor in diabetic patients?’. In this study, we demonstrated a significant increase in IL-1f in the untreated
diabetic group. This is in harmony with the results of Yapislar et al.*8. Excessive IL-1p is produced by pancreatic
B-cells under circumstances of hyperglycemia®. Our results demonstrated that ART administration significantly
decreased IL-1p. This is in harmony with the results of Fu et al.*®, which revealed the ability of ART to stimulate
AMP-activated protein kinase (AMPK) activity and suppress inflammatory factor expression; thus inverse the
pathological state. They predicted that the anti-inflammatory effects of ART have a causal association with
diminished IR.

In the present study, we found that the untreated diabetic rats displayed a significant elevation in both AGE
and RAGE in cardiac tissues, which is in line with a previous observation®’. Moreover, this study demonstrated
that ART treatment can decrease AGE levels and down-regulate RAGE at the mRNA and protein levels. Chen
et al.”! demonstrated that ART may play a protective role against cardiovascular complications of type-1 diabetes
via suppressing the expression of proteins in the RAGE/NF-«B signaling pathway and decreasing inflammatory
factors.

AGE accumulation is a main factor in the development of diabetic complications because AGEs are irre-
versibly accumulated in the body, dependent on the degree of blood sugar and duration®. AGEs accelerate the
expression of RAGEs>. RAGE has been found to interact with AGEs as their receptors and has been implicated
in a range of diabetic complications®*. AGEs-RAGE axis has a great role in the pathogenesis of DCM through
inducing endothelial dysfunction, changing calcium handling/contractility and inducing inflammatory, oxidative
stress and fibrotic reactions in the myocardium®.

The AGE plays a role in inducing the translocation and release of HMGB-1 from the nucleus to the cytoplasm,
which promotes oxidative stress binding to the RAGE and induces an inflammatory response via several signaling
pathways’. Moreover, HMGB-1 stimulates AGE-induced pro-inflammatory cytokine expression®. Thus, RAGE
transduced the signals of both AGEs and HMGB-1°.

In this study, we found that HMGB-1 expression and translocation were increased in the cardiomyocytes of
the HFD-STZ diabetes untreated rats, which conforms to the previous observation of Wang et al.*® who proposed
that HMGB-1 is related to diabetes-associated myocardial dysfunction and inhibition of HMGB-1 might have
potential prospectives in the treatment of DCM. Interestingly, our study reported that ART treatment signifi-
cantly decreased HMGBI in cardiomyocytes compared with the diabetic untreated rats. This result is attributed
to the effect of ART on the AGE-RAGE axis and subsequent modulation of HMGBI translocation and release.
This observation is in agreement with the results of Kim et al.*, which demonstrated that administration of ART
reduced hepatic HMGB-1 expression in HFD-fed mice.

The histological analysis of heart tissue from the HFD-STZ diabetic rats showed significant myofiber dis-
ruption and increased collagen deposition as detected by H&E and Masson’s trichrome staining, which is in
agreement with that of Wang et al.®*. Additionally, diabetic rats showed an increased percentage of fibrosis and
transverse diameter of myocardial fibers with a raggedy ridged appearance, which is a significant histopathologi-
cal characteristic of dilated cardiomyopathy®'.

The rationale for increased fibrosis in DCM may be due to increased AGE, which induces alterations in the
mechanical properties of the extracellular matrix by elevating resistance to connective tissue enzymatic prote-
olysis and stimulating the crosslinking of collagens and laminins®2. Moreover, AGEs bind to RAGE to prompt
ROS and inflammatory gene expression, which increases matrix proteins via the activation of mitogen-activated
protein kinase and Janus kinase in cardiac tissues®>. Moreover, previous studies have demonstrated that translo-
cated HGMB-1 induced the expression of collagens and profibrogenic factors, and induces fibroblast activation
in vitro and in vivo®. Therefore, hyperglycemia and the associated activation of AGEs-RAGE/HMGB-1 signaling
observed in diabetic rats are important contributors to myocardial fibrosis.

In this study, the ART treatment of diabetic rats alleviated cardiomyocyte fibrosis mainly by modulating the
AGE-RAGE/HMGB-1 signaling pathway. Previously, in vitro and in vivo studies have shown anti-fibrotic effects
of ART by inhibiting epithelial-mesenchymal transformation®.

Finally, our data point to a modifying effect of ART on HFD-STZ induced DCM. ART ameliorates functional,
biochemical, molecular and morphological changes of DCM. ART attenuates the AGE-RAGE/HMGB-1 signaling
pathway with subsequent modulation of oxidative stress, cardiomyocyte inflammation and fibrosis. Therefore,
ART could be a promising therapy for the management of DCM.
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Methods

Animals. The protocol for animal use was permitted by the Institutional Research Board (IRB), Faculty of
Medicine, Mansoura University (Protocol number: R.21.06.1367). Adult male Sprague-Dawley rats (n=24;
weight=160+20 g) were obtained from the Medical Experimental Research Centre (MERC), Faculty of Medi-
cine, Mansoura University. The required diet and tap water were supplied. Rats were exposed to a 12-h light/dark
cycle and a room temperature of 18-22 °C. The rats were euthanized by cervical dislocation. All methods involv-
ing rats were carried out in accordance with standard conventional guidelines and regulations. The experiment
was conducted in accordance with ARRIVE guidelines.

Experimental design and induction of type 2 diabetes. Rats were randomly divided into a control
non-diabetic group (n=6), ART non-diabetic group (n=6) and a diabetic group (n=12). Type 2 DM rat model
was established as described by Zhang et al.”’. The diabetic group was fed a high fat diet (HFD), comprising
34.5% fat, 17.5% protein and 48% carbohydrate. After 4 weeks of HFD, the diabetic group was given a single
intraperitoneal injection of streptozotocin (Sigma, St. Louis, MO; 27.5 mg/kg i.p. in 0.1 mol/L citrate buffer,
pH 4.5). One week after the administration of streptozotocin, rats with blood glucose levels >200 mg/dl in two
sequential evaluations were considered diabetic rats. Then, diabetic rats were subdivided into two groups: a
diabetic (n=6) and a diabetic+ ART (n=6), which received ART with a dose of (75 mg/kg/day)** by gavage for
8 weeks. The control non-diabetic and ART non-diabetic groups received ordinary chow and intraperitoneal
injections of citrate buffer containing the same volume of streptozotocin.

At the end of the experiment, rats in all groups were weighed, fasted for 12 h and anaesthetized via intra-
peritoneal injection of a mixture of ketamine (70-84 mg/kg) and xylazine (9 mg/kg). Then, electrocardiography
(ECG) was recorded. Fasting blood samples were collected via cardiac puncture in tubes with no EDTA. Blood
samples were left to clot for 10 min, centrifuged for serum separation and stored at —20 °C. Finally, the hearts
were separated, dried, weighed and preserved for further analysis.

ECG monitoring. Anesthetized rats were placed supine and needle electrodes were implanted subcutane-
ously into the four limbs. ECG leads I, II, III, aVR, aVL, aVF were recorded via a single-channel digital elec-
trocardiograph (MSC-2001, Medical System International Corporation NY) with a paper speed of 50 mm/s
and sensitivity of 20 mm/mV (X2). Analysis of the recorded traces was completed as regards heart rate, P wave
duration and amplitude, PR interval, R wave duration and amplitude and QT interval®.

Heart weight to body weight (HW/BW) ratio. Cardiac hypertrophy was detected by identifying the
ratio of heart dry weight to total body weight (HW/BW).

Colorimetric assay of fasting blood glucose (FBG) and cardiac biomarkers (CK-MB and
LDH). FBG was estimated colorimetrically using a test reagent kit (Biodiagnostic, Egypt) after being oxidized
enzymatically to yield a violet quinoneimine. While cardiac biomarkers (CK-MB and LDH) were measured by
kinetic colorimetric assay using special kits (Biomed, Egypt) in accordance with the manufacturer’s instructions
and via the Erba CHEM-7 apparatus (ERBA Diagnostics, India)®.

Enzyme-linked immunosorbent assay (ELISA) of Insulin.  Insulin levels were assessed via a rat insu-
lin ELISA kit (Cloud-Clone Corp., China) based on the competitive inhibition enzyme immunoassay technique.
Absorbance was measured at 450 nm using a ChroMate 4300-microplate reader (Awareness Technologies,
USA)®.

Homeostasis model assessment index (HOMA-IR). Insulin resistance was assessed by HOMA-
IR=insulin (WU/ml) x glucose (mg/dl) + 405%.

Colorimetric assay of tissue malondialdehyde (MDA) and reduced glutathione (GSH) lev-
els. Animals’ cardiac tissues were washed and splashed with ice. 10% of the homogenate was prepared in
0.05 M phosphate buffer (pH7) utilizing a polytron homogenizer at 4 °C. The homogenate was centrifuged at
10,000 rpm for 20 min and the clear supernatants were collected and stored on ice. The MDA level was estimated
as a marker for lipid peroxidation. MDA reacts with thiobarbituric acid (TBA) and the pink MDA-TBA products
were measured at 535 nm colorimetrically according to the manufacturer’s instructions of a commercially avail-
able kit (Biodiagnostic, Egypt). GSH level was evaluated using the commercially available kit (Biodiagnostic,
Egypt), GSH reduces 5,5-dithiobis (2-nitrobenzoic acid), resulting in a yellow-colored product. The concentra-
tion of the yellow product is directly related to the level of GSH and its absorbance can be measured at 405 nm®.

ELISA of AGE and IL-1B in cardiac tissues. The tissue contents of AGE and IL-1B were determined
using rat AGE and rat IL-1 ELISA kits (LifeSpan Biosciences, Inc., USA) based on the sandwich principle. The
absorbance was assessed spectrophotometrically at 450 nm via a ChroMate 4300-microplate reader (Awareness
Technologies, USA)”.

Analyses of mRNA expression by quantitative real-time PCR. Cardiac tissues were collected in
RNAlater reagent (500 pl RNAlater/50 mg cardiac tissue sample) (Qiagen, Germany), kept overnight at 4 °C,
and then conveyed to —80 °C to be stored until tissue homogenization. Extraction of total RNA was accom-
plished from homogenized tissues of all groups via the QIAzol reagent (Qiagen, Germany) in accordance with
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the constructor’s guidelines, and then quantity and quality of RNA yield were assessed by NanoDrop (Thermo
Fisher Scientific, USA) by estimating the absorbance at 260 nm and 280 nm. Reverse transcription of 1 ug RNA
into cDNA was performed according to manufacturer’s instructions of the SensiFAST™ cDNA Synthesis Kit
(Bioline, UK) using the thermal cycler (Applied Biosystem, USA) in a thermal profile of the following: 10 min
at 25 °C for primer annealing, 15 min at 42 °C for reverse transcription, and 5 min at 90 °C for inactivation.
Finally, cDNA templates were intensified utilizing a real-time PCR apparatus (Applied Biosystems 7500, USA)
in an amplification profile of the following: 2 min at 98 °C followed by 40 cycles of 10 s at 95 °C and 30 s at
60 °C. The amplification reaction contained 10 ul of HERA SYBR green PCR Master Mix (Willowfort, UK), 2 ul
of ¢cDNA, 2 pl gene primer (10 pmol/ul) and 6 pl of nuclease-free water. The RAGE primers (Rattus norvegi-
cus; PCR amplicon: 150 bp; RefSeq: NM_053336.2): F:5'-AGAAACCGGTGATGAAGGAC-3' and R:5-TCG
AGTCTGGGTTGTCGTTT-3'; and the GAPDH primers (Rattus norvegicus; PCR amplicon: 169 bp; RefSeq:
NM_017008.4): F:5'-CCTCGTCTCATAGACAAGATGGT-3' and R: 5'-GGGTAGAGTCATACTGGAACATG-
3'. Primers were designed using Primer3 software (v.4.1.0; http://primer3.ut.ee). After the real-time PCR run,
the data were exhibited as Cycle threshold (Ct) for the target gene and control gene. The relative quantitation
(RQ) of mRNA expression of the target gene is quantified in accordance with the calculation of 2724t method”.

Western blotting. The total protein extraction was performed via the QIAzol reagent (Qiagen, Germany)
in accordance with the constructor’s instructions, then the protein concentration was determined in each sample
via a Bradford assay (Bosterbio, Canada). Amounts of 20 ug protein were separated using a 10% sodium dodecyl
sulfate (SDS)/polyacrylamide gel (PAGE) and then conveyed to a 0.22 um nitrocellulose membrane (Abcam,
USA) via the Eco-Line Biometra instrument (Gottingen, Germany). The membrane was blocked in tris-buffered
saline with Tween-20 (TBS-T) buffer and 3% bovine serum albumin (BSA) at room temperature for 1 h. The
membranes were incubated overnight at 4 °C with rabbit monoclonal anti-RAGE (1:1000, ab216329, Abcam,
USA) and rabbit polyclonal anti-B-actin (1:1000, ab8227, Abcam, USA). After probing with primary antibodies,
membranes were washed thrice (10 min/wash) with TBS-T to remove unbound antibodies and then incubated
with appropriate HRP-conjugated with goat anti-rabbit secondary antibodies (1:2000, ab6721, Abcam, USA) for
1 h at room temperature. The protein bands were visualized with a chemiluminescence substrate (Clarity™ West-
ern ECL substrate Bio-Rad, USA), and the signals were captured using a CCD camera-based imager. The protein
expression was normalized to the control protein B-actin and band intensity was analyzed via the ChemiDoc
MP imager”.

Histopathology analysis. Cardiac tissues were embedded in 10% neutral formaldehyde, consequently
dehydrated in rising grades of alcohol, cleared in xylene, fixed in paraffin, and then 4 pm-thick sections were
produced. The sections were stained with H&E as a routine histopathological examination and with Masson-
Trichrome for evaluation of cardiac tissue fibrosis according to Bancroft and Gamble”.

Morphometric analysis. H/E stained sections were used for assessing the transverse diameter of the
cardiac muscle fibers’. The percentage area of both collagen fibers stained with Masson’s-trichrome and the
immunopositive reaction of HMGB-1 stained sections were evaluated”. The stained sections were analyzed and
photographed utilizing an Olympus Microscope BX-51 (Olympus) with a digital camera and a computer, using
a 40X objective. The resulting images were analyzed on Image] 1.47v software (National Institutes of Health,
USA). Five slides from every group were set and five random fields from each slide were examined.

Immunohistochemical staining. Paraffin sections were deparaffinized, rehydrated and boiled in a
sodium citrate buffer solution (pH 6.0) at 95 °C for 15 min. Sections were incubated overnight at 4 °C with
primary polyclonal antibodies against rabbit HMGB1 (1:200, Bioss Inc, USA), then with HRP-conjugated anti-
rabbit antibodies, and finally samples were stained with 3,3-diaminobenzidine. Normal rabbit IgG was substi-
tuted for the primary antibody as the negative control; the nuclei were counterstained with hematoxylin. Brown
cytoplasmic staining was considered a positive reaction’.

Statistical analysis. The SPSS software (version 25.0, IBM, Chicago, IL, USA) was used for the analysis of
the data, which were expressed as the mean + SD. The one-way ANOVA test was used for statistical analyses of
the data obtained followed by the Post-hoc Tukey’s test for multiple comparisons of the group means. P values
less than 0.05 indicated statistically significant differences.

Data availability
The datasets used and/or analyzed during the current are study available from the corresponding author upon
reasonable request.
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