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Introduction

Diabetes mellitus, a chronic diverse metabolic condi-
tion with complicated pathophysiology and many com-
plications, has the highest morbidity and mortality rates 
of all chronic diseases. Hyperglycemia induces glucose 
auto-oxidation, protein glycation, and polyol activation. 
Reactive oxygen species (ROS) influence immune factor 
signaling. Inflammatory cytokines and free radicals can 
both rise with ROS (1). DCM is aberrant cardiac struc-
ture and function in the absence of additional cardiac risks 
factors such as coronary artery disease, hypertension, and 
severe valve disease and mostly is caused by metabolic 
changes, decreased calcium homeostasis and energy gene-
ration, increased inflammation, OS, advanced glycation 
end products (AGE) (2). Dipeptidyl peptidase-4 (DPP-
4) inhibitors are a class of oral antidiabetic drugs that 
control hyperglycemia in patients suffering from type 2 
diabetes mellitus (T2DM) that act on incretin hormones, 
mainly (glucagon-like peptide-1) GLP-1 and (gastric inhi-
bitory peptide) GIP, which maintain glucose homeostasis 
by increasing insulin secretion and decreasing glucagon 
secretion (3) Trelagliptin, a once-weekly DPP-4 inhibitor, 
lowers fasting glucose and exhibits considerable glycemic 
efficacy in T2DM patients (4). SGLT2 inhibitors are used 
to treat T2D by limiting the reabsorption of glucose filte-

red through the kidney and so promoting glucose excretion 
in the urine (5).  Remogliflozin is a novel low-cost SGLT-2 
inhibitor that is safe and efficacious as dapagliflozin  (6). 
Alpha-lipoic acid (ALA), a potent antioxidant used to treat 
diabetes, improves glucose metabolism, reduces oxidative 
stress, improves endothelial dysfunction, decreases plate-
let reactivity, inhibits nuclear factor kappa B (NFkB), che-
lates divalent transient metal ions, and induces adenosine 
monophosphate-activated protein kinase  expression) (7). 
The present study goals are investigating the comparative 
effects of trelagliptin, trelagliptin plus ALA, remogliflo-
zin, and remogliflozin plus ALA in the management of 
the negative repercussions of glucotoxicity including their 
direct effect on cardiac cells via measuring some of the 
cardiac biomarkers such as oxidative stress biomarkers 
(Malondialdehyde (MDA), thioredoxin-interacting pro-
tein (TXNIP), and inflammatory markers such as nuclear 
factor NF-kappa-B p105 (NF-Kb105), lipoprotein-asso-
ciated phospholipase A2 (LPPLA2) besides myopathy 
biomarkers such as neprilysin (NEP) and high selective 
cardiac troponin T (Hs-CTnT).

Materials and Methods

Materials 
ELK Biotechnology Co., Ltd. in Wuhan, China, sup-
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plied rat (NFkB-p105),  (TXNIP), (MDA, (LPPLA2), 
(NEP), and (Hs-CTnT) ELISA kits. Glentham Life 
Sciences Ltd. (UK) provided STZ. Trelagliptin (100 mg), 
remogliflozin (100 mg), and ALA (300 mg) were acqui-
red from local pharmacies. Takeda (Japan) made trelaglip-
tin, Glenmark (India) made remogliflozin, and Adipharm 
(Bulgaria) made ALA. Cathepsin B antibodies were 
bought from Wuhan's ELK Biotechnology Co., Ltd. for 
immunohistochemistry studies. Dako, Denmark supplied 
immunohistochemistry buffers, diluents, and chemicals. 
Additional chemicals originated from Sigma-Aldrich.

Experimental animals
Forty-eight male adult Sprague-Dawley albino rats 

aged 10-12 weeks (250-350 g) were donated by Jihan Uni-
versity's animal house. One week was provided to accli-
mate. Conventional rodent food and tap water were regu-
larly supplied to the rats. The animals were maintained in 
an air-conditioned room (4 rats per cage) with a standard 
humidity level, temperature (22 ± 2 °C) and light-dark 
cycle (12 hours of light, 12 hours of darkness).

Study design
On the study's first day, all rats fasted for 12 hours 

before receiving STZ treatment. A pH 4.4-4.5 0.1 M so-
dium citrate buffer was prepared before injecting STZ. An 
ice-cold container had a citrate buffer that dissolved STZ. 
Each injection used a freshly dissolved STZ solution. For-
ty rats were intraperitoneally injected with STZ (42 mg/
kg body weight (8). While the other eight normal control 
rats received citrate buffer solution (pH 4.4 to 4.5) intra-
peritoneally. Regular meals and 10% sucrose water were 
given to prevent hypoglycemia after the STZ injection. 
After the STZ injection, on the second day,10% sucrose 
suspension was replaced with water (9). After one week of 
STZ injection, animals' blood sugar levels were assessed 
after fasting for 6-8 hours. The Precicheck blood glucose 
monitoring gadget (Germany) measured glucose levels in 
the blood of the tail. STZ-induced diabetes was identified 
in rats with fasting glucose levels of 250 mg/dL or above. 
Six groups of eight rats were created after diagnosis. Non-
diabetic rats make up group one (N). Diabetic control (D) 
group two received STZ without therapy. Group three was 
(T1) group diabetic rats got 20 mg/kg trelagliptin alone 
(10). Group four (T2) group received trelagliptin at the 
same dose plus 100 mg/kg ALA (11). Group five repre-
sented diabetic rats that received remogliflozin alone in a 
dose of 25mg/kg (12) and this group is (T3) group. Group 
six denoted diabetic rats given remogliflozin in the same 
dose in combination with ALA 100 mg/kg and this group 
was (T4) group. The oral drugs were dissolved in normal 
saline, and the appropriate dosage was determined based 
on weight. Animals received the medicines orally. All 
groups got unrestricted meals during the 28-day therapy 
after diagnosis.

Blood and serum collection
On the 28th day, animals were starved overnight, 

slaughtered, and blood samples were obtained. After intra-
peritoneally administering ketamine (75 mg/kg) and xyla-
zine (5 mg/kg), rats were heart-punctured using a sterile 
disposable syringe to collect serum. A recheck glucometer 
measured blood glucose levels. Another quantity of blood 
was placed into labeled gel tubes and left to coagulate at 

room temperature for 10–20 minutes. After removing the 
clot, the serum was separated for biochemical examina-
tion. Rat-specific ELISA kits were processed per supplier 
instructions. After death, the hearts were removed and 
engrossed in 10% formaldehyde solution for immunohis-
tochemistry analysis.

Immunohistochemical analysis. 
After deparaffinization, rehydration in alcohol, and 

transfer to a diluted target-retrieved solution, heart sec-
tions were put in a PT Link (Dako North American Inc.) 
for one hour. Primary antibodies were applied to sec-
tions for an hour at room temperature. After washing, the 
samples received 20 minutes of secondary antibody treat-
ment. After buffer-washing, the slide was exposed to chro-
mogen and di-amino benzidine for six minutes to detect 
peroxidase activity. Cover-slipped and hematoxylin-stai-
ned slides were examined under a light microscope. Image 
J software (version 1.47v) from the National Institutes of 
Health, Bethesda, MD, USA, was used to evaluate immu-
nostaining section pictures using an intensity threshold as 
close as possible to the visually detected staining spots For 
each group, the percentage area of brown color was calcu-
lated (13).

Statistical analysis
Mean and standard error mean represented all data. 

SPSS 26 from (IBM Corp., Armonk, NY, USA) was used 
for the statistical analysis. A one-way analysis of variance 
(ANOVA) evaluated all parameters between control and 
medication-treated rats. The Tukey test for multiple com-
parisons was performed to compare groups. P < 0.05 indi-
cated statistical significance.

Results

Table 1 demonstrated that D group rats had conside-
rably higher blood glucose levels (483 ± 15.51 mg/dl) than 
N group rats (83.49±0.81 mg/dl) (P < 0.001). All thera-
pies effectively lowered blood glucose compared to the D 
group. D group insulin levels were lower (28.11±1.02 pg/
ml) than the N group (492.77±21.02 pg/ml) (P < 0.001). 
The treatment groups (T1, T2, T3, T4) had higher insulin 
levels than the D group, and by post hoc test, T4 and T2 
had lower blood glucose and higher insulin than T1 and T3 
(P < 0.001). Table 1 shows the parameter values after 28 
days of therapy in all groups. MDA and TXNIP levels rose 
significantly in the D group compared to the N group (from 
99.64±6.89 pg/ml and 2.38±0.25 pg/ml) to (973±11.71 
and 11.02±0.26 pg/ml) respectively (P<0.0001). Four 
therapy groups significantly reduced blood MDA levels 
in diabetic rats (P<0.0001). The T4 group was the most 
powerful group in the reduction of oxidative stress bio-
markers. The level of inflammatory biomarkers (NFkB-
p105, LpPLA2) was significantly higher in the D groups 
than in the N group. A post hoc test was performed, and 
it revealed that those biomarkers levels were significant-
ly reduced in all the treatment groups (P < 0.0001). The 
level of inflammatory biomarkers (NFkB-p105, LpPLA2) 
in D group rats was significantly higher (0.94±0.016 pg/
ml, 41.99±0.79pg/ml) than in the N group (0.12±0.003pg/
ml, 6.73±0.16pg/ml) respectively (P < 0.0001). Oxidative 
biomarker levels were significantly reduced in all treat-
ment groups (P < 0.05). The T4 reduced them more than 
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treatment groups significantly reduced the level of blood 
glucose in comparison with D groups. T 1 group reduced 
blood glucose because it was a novel and potent once-
weekly DPP-4 inhibitor that presented sustained efficacy 
and increased endogenous GLP-1, which increased insulin 
secretion and suppressed glucagon release to control blood 
glucose (16) While the T3 groups reduced blood glucose by 
enhancing urine glucose excretion by preventing SGLT2, 
which reduced renal reabsorption of filtered glucose and 
lowered the renal glucose threshold and subsequently im-
proved cell function through lowering glucotoxicity (17).
While in both treatment T2 and T4 groups a Novel and 
powerful antioxidant drug have been added to both T1 and 
T3 groups respectively which were ALA which increases 
sugar absorption in insulin-sensitive and insulin-resistant 
muscle tissues to lower blood glucose (18). The ALA pro-
motes glucose absorption by redistributing plasma mem-
brane glucose transporters and tyrosine phosphorylating 
insulin receptor substrate-1 (19). Through our study, it 
has been shown that T2 and T4 reduced blood sugar more 
than T1 and T3 respectively because supplementation with 
ALA added a benefit mechanism in reducing hyperglyce-
mia besides this finding was confirmed through raising 
insulin levels significantly (which was measured through 

T3 and in comparison, with the D group they diminished 
this biomarker also, T2 was more powerful than T1 in re-
ducing the level of mentioned biomarkers.

In Table 1, immunohistochemical staining against 
CTSB antibody indicated that the D group had a signi-
ficantly greater brown-color percentage area than the N 
group, whereas all treatment groups had significantly re-
duced (CTSB) colored percentage area (P < 0.0001). T2, 
which included ALA to reduce myocardial cell damage 
and inflammation, reduced CTSB expression the highest. 
Figure 1 shows CTSB immunohistochemical staining un-
der a 10x light microscope to show most of the damage. 
The brown-reddish color represents the percentage of 
(CTSB) released during inflammation and injured cardiac 
cells and scattered to most of the areas in D groups, which 
defines the extent of necrosis and damage to cardiac cell 
walls due to hyperglycemia, while in treatment groups 
those damaged areas have been reduced and restored the 
normal architecture of the heart and near to N control 
group. Also, Table 1 and Figure 1 show the changes in 
serum levels of cardiomyopathy biomarkers Hs-cTnT and 
NEP in all groups of our experimental animals. There was 
a significant difference between serum Hs-cTnT and NEP 
levels of group N rats with group D. Compared with group 
D, the serum level of both biomarkers was dramatically 
lowered in all treatment groups (P<0.0001).  Both T4 and 
T2 groups due to the presence of ALA produced a signifi-
cant reduction of both biomarkers in comparison with the 
T1 and T3 groups (P < 0.05).

Discussion

Streptozotocin-induced DM produced heart hypertro-
phy and enlargement.  Higher glucose levels diminish vas-
cular endothelial growth factor A (VEGF-A) phosphoryla-
tion in coronary arteries, contributing to DCM (14).  STZ 
is an antibiotic that destroys pancreatic islet β-cells and is 
used in experiments to imitate (T1DM). By dissociating 
into glucose and methyl nitrosourea, streptozotocin-in-
duced beta-cell cytotoxicity. The beta cells are destroyed, 
DNA is fragmented, and the body develops insulin-de-
pendent diabetes as a result of the latter's alkylating activi-
ties (9,15). The STZ-induced elevation of group D blood 
glucose levels above normal and considerably above the N 
group validated the diabetes state of the experimental rats. 
In the study, it has been shown that blood glucose in all the 

Figure 1. The effects of trelagliptin, trelagliptin plus alpha lipoic acid, 
Remogliflozin, and Remogliflozin plus alpha lipoic acid on cathepsin 
B antibodies expression in which tremendous scattering of (CTSB) 
found under the 10X light microscope

Parameters (N) (D) (T1) (T2) (T3) (T4)
Hs-cTnT 18.59±2.56a 117.03±5.26d 33.11±0.83b 12.1±0.67a 48.16±4.09c 14.5±1.01a

Nep 44.68±1.27a 319.32±23.17c 127.82±7.27b 50.13±2.27a 111.34±16.73b 38.42±1.81a

Insulin 492.77±21.02c 28.11±1.02a 123.99±2.43b 466.94±9.61c 151.71±8.48b 489.14±2.51c

Blood glucose 83.49±0.81a 483±15.51c 181±5.07b 79.62±9.53a 157.5±4.33b 90.25±18.96a

MDA 99.64±6.89a 973±11.71c 342.96±28.21b 126.63±2.06a 326.6±3.10b 121.15±12.58a

TXNIP 2.38±0.25a 11.02±0.26d 5.79±0.07c 2.24±0.17a 4.4±0.23b 1.79±0.13a

NF-KBP105 0.12±0.003a 0.94±0.016e 0.63±0.038d 0.19±0.032b 0.54±0.043c 0.19±0.038b

LPPLA2 6.73±0.16a 41.99±0.79c 16.68±1.75b 6.07±0.24a 14.78±0.55b 5.69±0.46a

Cathepsin B 0.27±0.05a 7.43±0.79d 2.92±0.62b 0.95±0.2a 3.02±0.4c 1.06±0.13a

Table 1. The effects of trelagliptin, trelagliptin plus alpha lipoic acid, Remogliflozin, and Remogliflozin plus alpha lipoic acid on serum 
biomarkers plus their impacts on cathepsin B antibody in immunohistochemical analysis.

Similar letters specify non-significant differences and different letters are considered statistically significant at P ≤0.05. Values are expressed as 
mean ± SEM.
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ELISA kits) more than D group and both T1, T3 groups 
respectively and no significant differences existed with the 
N group (p >0.05) which indicated near complete rege-
neration of the beta cells of pancreas and restoring insu-
lin levels and subsequently decreasing the blood glucose 
concentration. 

Our investigation found that NF-β levels are higher in 
D groups than in N groups. All treatment groups showed 
substantial reductions in NF-β compared to the D groups. 
The best explanation is that NF-β, a DNA-binding pro-
tein factor, controls the transcription of pro-inflamma-
tory and inflammatory substances like cytokines, che-
mokines, and enzymes (20). NF-β pathways modulate 
the pathogenesis of diabetes and its micro- and macro-
vascular consequences (21). Hyperglycemia promotes 
the development of AGEs as well as the overproduction 
of ROS (22) Both ROS and AGEs promote pro-inflam-
matory response and endothelial dysfunction via NF-κβ 
activation (23). AGEs attach to receptor  RAGE on vas-
cular smooth muscle cells and activate NF (24) According 
to the hypothetical mechanisms of DCM, several factors 
come into play, including autonomic dysfunction, insu-
lin resistance, and myocardial fibrosis. Hyperglycemia 
stimulates the production of tumor necrosis factor-alpha 
(TNF-α) in myocardial muscles. These factors collectively 
contribute to the development and progression of diabetic 
cardiomyopathy (21). AGEs and oxidative stress regulate 
calcium influx, activating NF-β and decreasing myocar-
dial contractility (25). NF-β activation in myocardial cells 
may cause myocardial hypertrophy via Toll-like receptors 
(TLRs) which leads to DCM (26). NF-β levels is decli-
ned significantly after using of different treatment groups 
such as T1 and T3 in comparison with D group. Those 
findings were parallel to the results of other studies that 
used different kinds of DPP4 inhibitors, such as sitaglip-
tin and anagliptin. These inhibitors demonstrated a direct 
anti-inflammatory effect on various cytokines, leading to 
a reduction in the amount of NF-κB (27,28) Dapagliflo-
zin showed similar outcomes by blocking the expression 
of TLR-4 and activation of NF-B, two key inflammatory 
pathways (29). ALA also controls high mobility group box 
1 (HMGB1) translocation and the HMGB1/TLR4/NF-B 
signaling cascade, preventing apoptosis, oxidation, and 
inflammation (30). Based on the aforementioned points, 
both the T2 and T4 groups (combination groups) demons-
trated a greater reduction in the level of NF-κB compared 
to the T1 and T3 groups. As a result, better improvements 
were observed. Regarding TXNIP, a metabolic, oxidative, 
and inflammatory marker generated in cardiovascular 
diseases, lower endothelial TXNIP expression is related 
to increased thioredoxin TRX and decreased Nicotina-
mide adenine dinucleotide phosphate NADPH oxidase 
expression, protecting the endothelium against metabo-
lic diseases. TXNIP's function in OS is clear as it inhibits 
TRX's antioxidant action (31) In group D, excessive glu-
cose caused TXNIP to produce ROS through mitochon-
dria and NADPH oxidase (32), causing OS, endothelial 
dysfunction, poor vasorelaxation, and cardiac injuries (33) 
and this is why when the treatment groups were given they 
diminished the glucose level through increasing the insu-
lin level and subsequently they could attenuate the effect 
of TXNIP activity  (32). TXNIP is linked to TRX and inac-
tive under unstressed situations because it does not interact 
with the nucleotide-binding oligomerization domain-like 

receptor family pyrin domain containing 3(NLRP3).Under 
oxidative stress, ROS dissociates TRX-TXNIP, enhancing 
NLRP3-TXNIP interaction (34). The TRX-TXNIP com-
plex regulates the NLRP3 inflammasome (35). Our stu-
dies, consistent with other research, demonstrate that all 
treatment groups significantly reduce TXNIP levels such 
as attenuation effects of teneligliptin on TXNIP (36) Insu-
lin represses TXNIP to prevent prolonged hyperglycemia 
from stimulating its expression (37) In our study, T3 treat-
ment reduced TXNIP levels by raising insulin levels closer 
to normal, thereby attenuating glucotoxicity compared to 
the D group. By boosting insulin levels, SGLT2 inhibi-
tors dramatically reduce NLRP3 inflammasome activation 
and IL-1β release in human macrophages (38). Reduced 
NLRP3 inflammasome activation leads to TXNIP remai-
ning attached to TXP, resulting in decreased levels of free 
TXNIP and its proinflammatory role. This leads to impro-
ved cardiac cell function, as observed in the T3 group. T2 
and T4 therapies,   when coupled with ALA, inhibit the 
NF-kB pathway, which regulates NLRP3 inflammasome 
activation (39). When the NLRP3 inflammasome is not ac-
tivated, there is a lower chance of it binding with TXNIP, 
thereby reducing TXNIP's proinflammatory effects. The 
combination treatment shows better improvement due to 
the synergistic effects of ALA with both T1 and T3. OS 
indicators like MDA are powerful independent predictors 
of cardiovascular disease and can lower the body's antioxi-
dant defense system and harm cells (40). Compared to the 
D group, all therapy groups reduced MDA levels signifi-
cantly. In DPP4 and SGLT2 inhibitor trials, MDA-LDL 
levels were dramatically reduced (41,42). Additionally, a 
study involving type 1 diabetic children and adolescents 
who received ALA supplementation (300 mg twice a day 
for 16 weeks) showed a substantial decrease in serum 
MDA levels compared to a placebo group (43). ALA sup-
plementation decreases triglycerides (TG), total choles-
terol (TC), and LDL levels (48), which can reduce lipid 
peroxidation caused by RO (44). Within our study, it was 
observed that T2 and T4 treatments resulted in a dramatic 
greater reduction in MDA levels compared to T1 and T3 
treatments. This can be attributed to the addition of ALA 
to the standard treatment in both T1 and T3.

The serum lipoprotein-associated phospholipase A2 
(LPPLA2) levels were significantly higher in the rats injec-
ted with STZ than in the N group. Similar to our findings, 
diabetic rats have higher LPPLA2 levels than nondiabetic 
rats (45) Inflammation and vascular dysfunction are lin-
ked to circulating LPPLA2 (46). Endothelial dysfunction 
and arterial stiffness are independent risk factors for stable 
coronary artery disease (CAD) patients with high LPPLA2 
levels (47). LPPLA2 serum levels were considerably 
lower in the treated group T 1 and T3 than in the D group. 
This study suggests that diabetics may benefit from ALA 
in addition to regular anti-diabetic therapies to decrease 
cardiovascular problems. ALA as an antioxidant reduces 
macrophage and LPPLA2 synthesis by neutralizing free 
radicals in which LPPLA2 levels were considerably lower 
in treatment groups than D groups in our experiments 
(48,49). NLRP3 inflammasome is the best-recognized 
inflammasome, found largely on monocytes and macro-
phages (50) NLRP3 promotes inflammasomes and acti-
vates pro-caspase-1, which activates the pro-inflammatory 
and pro-fibrotic cytokines IL-1β and IL-18 (51) Lp-PLA2 
hydrolyzes glycerophospholipids to produce bioactive 
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lipids with pro-inflammatory and pro-oxidative proper-
ties. Most Lp-PLA2-derived proinflammatory effects 
come from Lysophosphatidylcholine (LysoPC). Vascular 
disorders are linked to elevated plasma Lp-PLA2 (52) 
Our results provide further evidence that our therapy has 
therapeutic potential for reducing DCM-induced cardiac 
remodeling and dysfunction by inhibiting NLRP3 inflam-
masome activation in macrophages. As a result, blocking 
Lp-PLA2 might be a promising new treatment for redu-
cing the risk of cardiac fibrosis and DCM.  Researchers 
have shown that those with coronary artery disease or 
heart failure had greater levels of the protein cardiac tropo-
nin T (cTnT), a marker of myocardial injury (53). Diabetes 
patients may have high hs-cTnT levels and microvascular 
myocardial infarctions due to hyperglycemia and lipotoxi-
city, which cause microvascular dysfunction. In this study, 
D groups had higher biomarkers than N groups.  Dia-
betes and CVD share risk factors such as inflammation, 
endothelial dysfunction, and platelet activation. Enhanced 
oxidative stress and AGE products may contribute to the 
development of diabetes and CVD by damaging β-cells 
and raising hs-cTnT (54). Due to anti-inflammatory effects 
of the treatment groups from both T1 and T3 in addition to 
their direct effect on ROS and oxidative stress biomarkers 
as explained before, so significant results were obtained in 
reduction of hs-cTnt in comparison with D group and the 
combination group treatment T2 and T4 provided signi-
ficant reduction of hs-cTnt  in comparison to treatment 
groups T1 and T3 due to presence of ALA which was a 
novel antioxidant and scavengers ROS and free radicals 
and provided additional benefit when combined with the  
treatment groups T1 and T3.

In heart failure with decreased ejection fraction, NEP, 
a metalloprotease that proteolyzes several peptides, inclu-
ding natriuretic peptides, is prognostic and therapeutic 
(55)s. NEP hydrolyzes natriuretic peptides (NP)s and mo-
difies their structural and functional effects on the heart, 
kidney, and other organs (56) NEP is implicated in glu-
cose homeostasis, and NEP inhibitors enhance protective 
NPs, which protect against diabetes consequences. Thus, 
inhibiting (NEP) in nutritional excess might boost GLP-1, 
natriuretic peptides, and bradykinin levels, which enhance 
glucose homeostasis (57). NEP boosts exogenous active 
GLP-1's insulinotropic action and glucose-mediated insu-
lin production in vitro (58) In our studies T1 and T3 signi-
ficantly decreased NEP in comparison with the D group 
because they could reduce glucose levels significantly in 
comparison with the D group by raising insulin levels and 
Inhibiting NEP, which is involved in the impairment of 
glucose homeostasis by influencing pancreatic cell mass 
and the development of pancreatic cell dysfunction, may 
have positive effects on insulin resistance and glycemic 
control by increasing endogenous GLP-1 activity and de-
creasing DPP4 activity Because NEP elevates dipeptidyl 
peptidase-4 (DPP4) activity, it also plays a role in boos-
ting active GLP-1 proteolysis, which is why the D groups 
had a higher (NEP) value than the T3 group. In treatment 
combination groups T2 and T4 provided significant reduc-
tion in the level of NEP due to the presence of ALA which 
provided additional decline in the blood glucose through 
their antioxidant properties and significant reduction of 
NEP (P<0.005).

Immunohistochemistry with CTSB antibody showed 
that the D group had considerably more brown-colored 

CTSB percentage area than the N group. Lysosomal 
(CTSB) regulates cell autophagy and apoptosis (59) CTSB 
contributes to cell pyroptosis (60) Pyroptosis is a unique 
kind of programmed necrosis caused by inflammasomes 
like the NOD-like receptor (NLR) family (61). Inflamma-
somes are activated by numerous danger-associated mo-
lecular patterns (DAMPs) after cell damage and activate 
caspase-1, which activates Gasdermin-D (GSDMD), pro-
ducing a membrane hole and killing the cell (62). Pyrop-
tosis increases DCM incidence, when diabetic hearts upre-
gulated caspase-1, NLRP3, and GSDMD. Circular RNA 
activation of caspase-1 exacerbated DCM pyroptosis and 
cardiomyocyte death. Thus, reducing cardiomyocyte py-
roptosis may prevent DCM (63). Serum CTSB levels were 
strongly related to cardiovascular events in stable corona-
ry heart disease patients (64) So when the treatments have 
been given to the diabetic rats the release of cathepsin B 
declined significantly (as it's clear from the highlighted 
brown area) after four weeks in comparison with the N 
groups and restored to near normal which means that they 
decreased the cardiomyopathic change effectively. Moreo-
ver, treatment groups in which ALA has been added provi-
ded a better reduction on the level of cathepsin B because 
ALA inhibited intraliposomal Cathepsin-mediated apopto-
sis by chelating excess iron in endothelial lysosomes after 
intimal damage (65). 

In the context of STZ-induced diabetic rats, the pres-
ence of diabetes and glucotoxicity has resulted in a notable 
increase in oxidative stress biomarkers, such as MDA 
and TXNIP, alongside inflammatory biomarkers like NF 
Kb105 and LPPLA2 besides myopathy biomarkers such 
as NEP and Hs-cTnT. Promising therapeutic interven-
tions, including trelagliptin or remogliflozin, either alone 
or in conjunction with the novel antioxidant ALA, have 
demonstrated significant enhancements in cardiac biomar-
kers. The supplementation of these treatments with ALA 
holds the potential for clinical benefits in ameliorating 
the aforementioned cardiac biomarkers, which directly or 
indirectly contribute to the pathophysiology of diabetic 
DCM. The efficacy of this combination was supported by 
immunohistochemical examination, which revealed a re-
duction in the percentage area of CTSB, a marker secreted 
following cardiac cell damage when ALA was included 
as part of the treatment. However, further investigation is 
warranted to assess the potential adverse reactions and im-
pact on other organs implicated in diabetes complications

Acknowledgements 
Muhaeman Yusif is thanked for providing the research 
facilities.

Interest conflict
Conflict of interest not discovered

Author’s contribution 
Each author contributed equally to the study's conception, 
execution, statistical analysis, and paper writing. 

Availability of data and material 
This paper has been published with all the data produced 
during this investigation.

Ethical approval 
Permission number 2282022-844 HMU-EC-PH was 



111

Mohammed Abdullah Ali et al. / Effects of trelagliptin, remogliflozin, and ALA on cardiac function in DCM, 2023, 69(9): 106-112

granted by the ethical committee of Hawler Medical Uni-
versity's College of Pharmacy for this study.

References 

1.	 Madkoor MAI, Shammakhi IN, Halawi HA. A review on new 
guidelines updates in diabetes management 2020. Diabetes 
2020;4:840–3.

2.	 Borghetti G, Von Lewinski D, Eaton DM, Sourij H, Houser SR, 
Wallner M. Diabetic cardiomyopathy: current and future thera-
pies. Beyond glycemic control. Front Physiol 2018;9:1514.

3.	 Capuano A, Sportiello L, Maiorino MI, Rossi F, Giugliano D, Es-
posito K. Dipeptidyl peptidase-4 inhibitors in type 2 diabetes the-
rapy–focus on alogliptin. Drug Des Devel Ther 2013:989–1001.

4.	 Dutta D, Mohindra R, Surana V, Sharma M. Safety and efficacy of 
once weekly dipeptidyl-peptidase-4 inhibitor trelagliptin in type-2 
diabetes: A meta-analysis. Diabetes Metab Syndr Clin Res Rev 
2022;16:102469.

5.	 Mohebi R, Januzzi JL. Cardiovascular benefit of SGLT2 inhibi-
tors. Crit Rev Clin Lab Sci 2022;59:142–55.

6.	 Dharmalingam M, Aravind SR, Thacker H, Paramesh S, Mohan 
B, Chawla M, et al. Efficacy and safety of remogliflozin etabo-
nate, a new sodium glucose co-transporter-2 inhibitor, in patients 
with type 2 diabetes mellitus: a 24-week, randomized, double-
blind, active-controlled trial. Drugs 2020;80:587–600.

7.	 Jeffrey S, Isaac Samraj P, Sundara Raj B. Therapeutic Benefits of 
Alpha-Lipoic Acid Supplementation in Diabetes Mellitus: A Nar-
rative Review. J Diet Suppl 2022;19:566–86.

8.	 Ali SK, Ali RH. Effects of antidiabetic agents on Alzheimer’s 
disease biomarkers in experimentally induced hyperglycemic rat 
model by streptozocin. PLoS One 2022;17:e0271138.

9.	 Furman BL. Streptozotocin‐induced diabetic models in mice and 
rats. Curr Protoc 2021;1:e78.

10.	 Ayoub BM, Michel HE, Mowaka S, Hendy MS, Tadros MM. 
Repurposing of omarigliptin as a neuroprotective agent based on 
docking with A2A adenosine and AChE receptors, brain GLP-1 
response and its brain/plasma concentration ratio after 28 days 
multiple doses in rats using LC-MS/MS. Molecules 2021;26:889.

11.	 El-Salam A, Faruk E, Fouad H. Evaluation of therapeutic poten-
tials of α-Lipoic acid versus stem cells-derived microvesicles 
against experimentally–induced gastric ulcer in adult Male Albi-
no Rats (Light and Electron microscopic study). Egypt J Histol 
2019;42:915–27.

12.	 Fujimori Y, Katsuno K, Nakashima I, Ishikawa-Takemura Y, Fu-
jikura H, Isaji M. Remogliflozin etabonate, in a novel category 
of selective low-affinity sodium glucose cotransporter (SGLT2) 
inhibitors, exhibits antidiabetic efficacy in rodent models. J Phar-
macol Exp Ther 2008;327:268–76.

13.	 Vickers NJ. Animal communication: when i’m calling you, will 
you answer too? Curr Biol 2017;27:R713–5.

14.	 Kandemir YB, Guntekin Ü, Tosun V, Korucuk N, Bozdemir 
MN. Melatonin protects against streptozotocin-induced diabetic 
cardiomyopathy by the phosphorylation of vascular endothelial 
growth factor-A (VEGF-A). Cell Mol Biol 2018;64:47–52.

15.	 Sharef AY, Hamdi BA, Alrawi RA, Ahmad HO. Onopordum 
acanthium L. extract attenuates pancreatic β-Cells and cardiac 
inflammation in streptozocin-induced diabetic rats. PLoS One 
2023;18:e0280464.

16.	 Grimshaw CE, Jennings A, Kamran R, Ueno H, Nishigaki N, Ko-
saka T, et al. Trelagliptin (syr-472, zafatek), novel once-weekly 
treatment for type 2 diabetes, inhibits dipeptidyl peptidase-4 (dpp-
4) via a non-covalent mechanism. PLoS One 2016;11:e0157509.

17.	 Xu B, Li S, Kang B, Zhou J. The current role of sodium-glucose 
cotransporter 2 inhibitors in type 2 diabetes mellitus management. 

Cardiovasc Diabetol 2022;21:83.
18.	 Ghibu S, Richard C, Vergely C, Zeller M, Cottin Y, Rochette L. 

Antioxidant properties of an endogenous thiol: Alpha-lipoic acid, 
useful in the prevention of cardiovascular diseases. J Cardiovasc 
Pharmacol 2009;54:391–8.

19.	 Konrad D, Somwar R, Sweeney G, Yaworsky K, Hayashi M, 
Ramlal T, et al. The antihyperglycemic drug α-lipoic acid stimu-
lates glucose uptake via both GLUT4 translocation and GLUT4 
activation: Potential role of p38 mitogen-activated protein kinase 
in GLUT4 activation. Diabetes 2001;50:1464–71.

20.	 He Z, King GL. Microvascular complications of diabetes. Endo-
crinol Metab Clin North Am 2004;33:215–38.

21.	 Patel S, Santani D. Role of NF-κB in the pathogenesis of dia-
betes and its associated complications. Pharmacol Reports 
2009;61:595–603.

22.	 Tobon-Velasco J, Cuevas E, Torres-Ramos M. Receptor for AGEs 
(RAGE) as Mediator of NF-kB Pathway Activation in Neuroin-
flammation and Oxidative Stress. CNS Neurol Disord - Drug Tar-
gets 2014;13:1615–26.

23.	 LV X, LV GH, DAI GY, SUN HM, XU HQ. Food-advanced gly-
cation end products aggravate the diabetic vascular complica-
tions via modulating the AGEs/RAGE pathway. Chin J Nat Med 
2016;14:844–55.

24.	 Lander HM, Tauras JM, Ogiste JS, Hori O, Moss RA, Schmidt 
AM. Activation of the receptor for advanced glycation end 
products triggers a p21(ras)-dependent mitogen-activated pro-
tein kinase pathway regulated by oxidant stress. J Biol Chem 
1997;272:17810–4.

25.	 Fang ZY, Prins JB, Marwick TH. Diabetic cardiomyopathy: evi-
dence, mechanisms, and therapeutic implications. Endocr Rev 
2004;25:543–67.

26.	 Ha T, Li Y, Hua F, Ma J, Gao X, Kelley J, et al. Reduced cardiac 
hypertrophy in toll-like receptor 4-deficient mice following pres-
sure overload. Cardiovasc Res 2005;68:224–34.

27.	 Hu X, Liu S, Liu X, Zhang J, Liang Y, Li Y. DPP-4 (CD26) in-
hibitor sitagliptin exerts anti-inflammatory effects on rat insuli-
noma (RINm) cells via suppressing NF-κB activation. Endocrine 
2017;55:754–63.

28.	 Shinjo T, Nakatsu Y, Iwashita M, Sano T, Sakoda H, Ishihara H, 
et al. DPP-IV inhibitor anagliptin exerts anti-inflammatory effects 
on macrophages, adipocytes, and mouse livers by suppressing NF-
κB activation. Am J Physiol - Endocrinol Metab 2015;309:E214–
23.

29.	 Abdollahi E, Keyhanfar F, Delbandi AA, Falak R, Hajimiresmaiel 
SJ, Shafiei M. Dapagliflozin exerts anti-inflammatory effects via 
inhibition of LPS-induced TLR-4 overexpression and NF-κB acti-
vation in human endothelial cells and differentiated macrophages. 
Eur J Pharmacol 2022;918:174715.

30.	 Qi B, Zheng Y, Gao W, Qi Z, Gong Y, Liu Y, et al. Alpha-lipoic 
acid impedes myocardial ischemia-reperfusion injury, myocardial 
apoptosis, and oxidative stress by regulating HMGB1 expression. 
Eur J Pharmacol 2022;933:175295.

31.	 Hou X, Yang S, Yin J. Blocking the REDD1/TXNIP axis amelio-
rates LPS-induced vascular endothelial cell injury through repres-
sing oxidative stress and apoptosis. Am J Physiol - Cell Physiol 
2019;316:C104–10.

32.	 Wang W, Mao S, Yu H, Wu H, Shan X, Zhang X, et al. Pinellia pe-
datisecta lectin exerts a proinflammatory activity correlated with 
ROS-MAPKs/NF-κB pathways and the NLRP3 inflammasome 
in RAW264.7 cells accompanied by cell pyroptosis. Int Immuno-
pharmacol 2019;66:1–12.

33.	 Domingues A, Boisson-Vidal C, Marquet de Rouge P, Dizier B, 
Sadoine J, Mignon V, et al. Targeting endothelial thioredoxin-in-
teracting protein (TXNIP) protects from metabolic disorder-rela-



112

Mohammed Abdullah Ali et al. / Effects of trelagliptin, remogliflozin, and ALA on cardiac function in DCM, 2023, 69(9): 106-112

ted impairment of vascular function and post-ischemic revascula-
risation. Angiogenesis 2020;23:249–64.

34.	 Davis BK, Ting JPY. NLRP3 has a sweet tooth. Nat Immunol 
2010;11:105–6.

35.	 Zhang Y, Gao Z, Gao X, Yuan Z, Ma T, Li G, et al. Tilianin 
protects diabetic retina through the modulation of nrf2/txnip/
nlrp3 inflammasome pathways. J Environ Pathol Toxicol Oncol 
2020;39:89–99.

36.	 Pujadas G, De Nigris V, Prattichizzo F, La Sala L, Testa R, Ce-
riello A. The dipeptidyl peptidase-4 (DPP-4) inhibitor teneliglip-
tin functions as antioxidant on human endothelial cells exposed 
to chronic hyperglycemia and metabolic high-glucose memory. 
Endocrine 2017;56:509–20.

37.	 Shaked M, Ketzinel-Gilad M, Ariav Y, Cerasi E, Kaiser N, Lei-
bowitz G. Insulin counteracts glucotoxic effects by suppres-
sing thioredoxin- interacting protein production in INS-1E beta 
cells and in Psammomys obesus pancreatic islets. Diabetologia 
2009;52:636–44.

38.	 Gliozzi M, Macrì R, Coppoletta AR, Musolino V, Carresi C, Scic-
chitano M, et al. From Diabetes Care to Heart Failure Manage-
ment: A Potential Therapeutic Approach Combining SGLT2 Inhi-
bitors and Plant Extracts. Nutrients 2022;14:3737.

39.	 Liang X, Zhang D, Liu W, Yan Y, Zhou F, Wu W, et al. Reactive 
oxygen species trigger NF-κB-mediated NLRP3 inflammasome 
activation induced by zinc oxide nanoparticles in A549 cells. 
Toxicol Ind Health 2017;33:737–45.

40.	 Zavar-Reza J, Shahmoradi H, Mohammadyari A, Mohammadbei-
gi M, Hosseini R, Vakili M, et al. Evaluation of Malondialdehyde 
(MDA) in type 2 diabetic Patients with Coronary Artery Disease 
(CAD). J Biol Today’s World 2014;3:129–32.

41.	 Makino H, Matsuo M, Hishida A, Koezuka R, Tochiya M, Ohata 
Y, et al. Effect of linagliptin on oxidative stress markers in patients 
with type 2 diabetes: a pilot study. Diabetol Int 2019;10:148–52.

42.	 Hussein AM, Eid EA, Taha M, Elshazli RM, Bedir RF, Lashin 
LS. Comparative study of the effects of GLP1 analog and SGLT2 
inhibitor against diabetic cardiomyopathy in type 2 diabetic rats: 
Possible underlying mechanisms. Biomedicines 2020;8:43.

43.	 Hegazy SK, Tolba OA, Mostafa TM, Eid MA, El-Afify DR. Al-
pha-Lipoic Acid Improves Subclinical left Ventricular Dysfunc-
tion in Asymptomatic Patients with Type 1 Diabetes. Rev Diabet 
Stud 2013;10:58–67.

44.	 Farmer EE, Mueller MJ. ROS-mediated lipid peroxidation and 
RES-activated signaling. Annu Rev Plant Biol 2013;64:429–50.

45.	 Canning P, Kenny BA, Prise V, Glenn J, Sarker MH, Hudson N, 
et al. Lipoprotein-associated phospholipase A2 (Lp-PLA2) as a 
therapeutic target to prevent retinal vasopermeability during dia-
betes. Proc Natl Acad Sci U S A 2016;113:7213–8.

46.	 Wilensky RL, Macphee CH. Lipoprotein-associated phospholi-
pase A2 and atherosclerosis. Curr Opin Lipidol 2009;20:415–20.

47.	 Mourouzis K, Siasos G, Oikonomou E, Zaromitidou M, Tsigkou 
V, Antonopoulos A, et al. Lipoprotein-associated phospholipase 
A2 levels, endothelial dysfunction and arterial stiffness in patients 
with stable coronary artery disease. Lipids Health Dis 2021;20:1–
9.

48.	 Zhou Y, Guo Z, Yan W, Wang W. Cardiovascular effects of sita-
gliptin–An anti‐diabetes medicine. Clin Exp Pharmacol Physiol 
2018;45:628–35.

49.	 Baziar N, Nasli-Esfahani E, Djafarian K, Qorbani M, Hedayati M, 

Mishani MA, et al. The Beneficial Effects of Alpha Lipoic Acid 
Supplementation on Lp-PLA2 Mass and Its Distribution between 
HDL and apoB-Containing Lipoproteins in Type 2 Diabetic Pa-
tients: A Randomized, Double-Blind, Placebo-Controlled Trial. 
Oxid Med Cell Longev 2020;2020.

50.	 Wen H, Miao EA, Ting JPY. Mechanisms of NOD-like receptor-
associated inflammasome activation. Immunity 2013;39:432–41.

51.	 Latz E, Xiao TS, Stutz A. Activation and regulation of the inflam-
masomes. Nat Rev Immunol 2013;13:397–411.

52.	 Siddiqui MK, Kennedy G, Carr F, Doney ASF, Pearson ER, Mor-
ris AD, et al. Lp-PLA2 activity is associated with increased risk 
of diabetic retinopathy: a longitudinal disease progression study. 
Diabetologia 2018;61:1344–53.

53.	 Abiko M, Inai K, Shimada E, Asagai S, Nakanishi T. The pro-
gnostic value of high sensitivity cardiac troponin T in patients 
with congenital heart disease. J Cardiol 2018;71:389–93.

54.	 Lin N, Zhang H, Su Q. Advanced glycation end-products induce 
injury to pancreatic beta cells through oxidative stress. Diabetes 
Metab 2012;38:250–7.

55.	 Reddy YNV, Iyer SR, Scott CG, Rodeheffer RJ, Bailey K, Jenkins 
G, et al. Soluble Neprilysin in the General Population: Clinical 
Determinants and Its Relationship to Cardiovascular Disease. J 
Am Heart Assoc 2019;8:e012943.

56.	 Gilbert RE, Krum H. Heart failure in diabetes: effects of anti-hy-
perglycaemic drug therapy. Lancet 2015;385:2107–17.

57.	 Esser N, Zraika S. Neprilysin inhibition: a new therapeutic option 
for type 2 diabetes? Diabetologia 2019;62:1113–22.

58.	 Esser N, Barrow BM, Choung E, Shen NJ, Zraika S. Neprilysin 
inhibition in mouse islets enhances insulin secretion in a GLP-1 
receptor dependent manner. Islets 2018;10:175–80.

59.	 Chen N, Ou Z, Zhang W, Zhu X, Li P, Gong J. Cathepsin B 
regulates non-canonical NLRP3 inflammasome pathway by 
modulating activation of caspase-11 in Kupffer cells. Cell Prolif 
2018;51:e12487.

60.	 Wang J, Wang L, Zhang X, Xu Y, Chen L, Zhang W, et al. Cathep-
sin B aggravates acute pancreatitis by activating the NLRP3 in-
flammasome and promoting the caspase-1-induced pyroptosis. Int 
Immunopharmacol 2021;94:107496.

61.	 Chen Y, Hua Y, Li X, Arslan IM, Zhang W, Meng G. Distinct 
types of cell death and the implication in diabetic cardiomyopa-
thy. Front Pharmacol 2020;11:42.

62.	 Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and 
apoptosis: an intricate game of cell death. Cell Mol Immunol 
2021;18:1106–21.

63.	 Liu C, Yao Q, Hu T, Cai Z, Xie Q, Zhao J, et al. Cathepsin B 
deteriorates diabetic cardiomyopathy induced by streptozotocin 
via promoting NLRP3-mediated pyroptosis. Mol Ther - Nucleic 
Acids 2022;30:198–207.

64.	 Wuopio J, Hilden J, Bring C, Kastrup J, Sajadieh A, Jensen GB, 
et al. Cathepsin B and S as markers for cardiovascular risk and 
all-cause mortality in patients with stable coronary heart disease 
during 10 years: a CLARICOR trial sub-study. Atherosclerosis 
2018;278:97–102.

65.	 Wang Y, Bao D, Dong Y, Wei X, Yu J, Niu C. α -Lipoic Acid-
Plus Ameliorates Endothelial Injury by Inhibiting the Apoptosis 
Pathway Mediated by Intralysosomal Cathepsins in an in Vivo 
and in Vitro Endothelial Injury Model. Oxid Med Cell Longev 
2022;2022.


