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Background: Cardiac hypertrophy (CH) is one of the contributing causes of
morbidity and mortality. Hyperhomocysteinemia (HHcy) is one of the diseases
which may predispose hyperlipidemia and CH. Linagliptin (Lina) and
secoisolariciresinol diglucoside (SDG) are known to alleviate a variety of
illnesses by reducing oxidative stress and inflammation.

Aim: This study aimed to study the effect of HHcy on cardiac tissues, with a special
focus on endoplasmic reticulum (ER) stress as a mainstay pathophysiological
pathway. In addition, our study examined the protective effect of Lina, SDG, and
their combination against HHcy-induced hyperlipidemia and CH in rats.

Methods: Seventy-fivemale Sprague–Dawley rats were randomly divided into five
groups, and for 60 days, the following regimen was administered: Group I: rats
received distilled water; Group II: rats received methionine (MET) (2 g/kg/day,
p.o.); groups III and IV: rats received Lina (3 mg/kg/day, p.o.) and SDG (20 mg/kg/
day, p.o.), respectively, followed by MET (2 g/kg/day, p.o.); Group V: rats received
Lina and SDG, followed by MET (2 g/kg/day, p.o.).

Results: Pretreatment with Lina, SDG, and their combination showed a significant
decrease in serum levels of HHcy and an improved lipid profile compared to the
MET group. Moreover, both drugs improved cardiac injury, as evidenced by the
substantial improvement in ECG parameters, morphological features of the
cardiac muscle, and reduced serum levels of cardiac markers. Additionally, Lina
and SDG significantly attenuated cardiac oxidative stress, inflammation, and
apoptosis. Furthermore, Lina, SDG, and their combination remarkably
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downregulated the enhanced expression of endoplasmic reticulum (ER) stress
markers, GRP78, PERK, ATF-4, CHOP, NF-κB, and SREBP1c compared to the MET-
group.

Conclusion: Lina and SDG showed cardioprotective effects against HHcy-induced
heart hypertrophy and hyperlipidemia in rats.
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1 Introduction

Cardiovascular diseases (CVDs), such as heart failure (HF), are
among the leading causes of death worldwide. Numerous risk factors
may predispose to cardiovascular malfunctioning, including genetic
make-up, gender, age, high blood pressure, hyperhomocysteinemia
(HHcy), hyperlipidemia, hyperglycemia, and obesity (Liu et al.,
2016; Francula-Zaninovic and Nola, 2018; Kim, 2021). A critical
pathogenic mechanism in the development of HF is cardiac
remodeling, in which cardiac hypertrophy (CH) is crucial (Qi
et al., 2020).

Along with its well-known role in developing atherosclerosis,
hyperlipidemia may directly impact heart dysfunction. Long-term
hyperlipidemia leads to lipid accumulation in cardiac tissue, thus
affecting the electrophysiological activity and heart function (Yao
et al., 2020).

Among the medical conditions which may predispose
hyperlipidemia is HHcy, a medical status specified as an
abnormal blood concentration of the homocysteine (Hcy) amino
acid. It may be caused by a deficiency of some enzymes incorporated
in Hcy metabolism, especially cystathionine beta-synthase (CBS),
methylenetetrahydrofolate reductase (MTHFR), and methionine
sulfoxide reductase (MSR). Moreover, vitamin B deficiency,
methionine (MET) overconsumption, and some drugs may also
cause HHcy (Kim et al., 2018; Rehman et al., 2020).

MET, a necessary amino acid in animals, is metabolized into
Hcy (Selhub et al., 1993). A high-MET diet is a well-established
model for the development of HHcy and, consequently, the
development of CVDs (Chwatko et al., 2007).

In the same context, HHcy-induced cardiac remodeling and HF
may be a consequence of indirect mechanisms, specifically through
predisposing dyslipidemia or a direct impact on cardiac tissues
through activation of the myocardial redox state. HHcy starts the
redox state either by an autoxidation reaction, producing reactive
oxygen species, or indirectly by decreasing the expression of
antioxidants (Majors et al., 1997; Racek et al., 2005; Mishra et al.,
2009). One deleterious outcome predisposed by oxidative stress is
the misfolding of proteins traversing the endoplasmic reticulum
(ER), leading to ER stress, which occurs when the capacity of ER to
fold protein is overwhelmed (Outinen et al., 1998).

ER stress is critically involved in the pathophysiology of many
diseases (Ozcan and Tabas, 2012). Previous studies have shown that
increased intracellular Hcy levels boost the ER stress response genes
like glucose-regulated protein 78 (GRP78) (Werstuck et al., 2001;
Colgan et al., 2007). In response to ER stress, ER transmembrane
signal transducers, inositol-requiring enzyme 1 (IRE1), protein
kinase RNA-like endoplasmic reticulum kinase (PERK), and

activating transcription factor 6 (ATF6) are activated (Wang
et al., 2009). The activation of PERK leads to the enhancement of
eukaryotic translation-initiation factor 2α (eIF2α), followed by
ATF4 upregulation, which, in turn, accelerates the expression of
C/EBP homologous protein (CHOP), a proapoptotic transcription
factor (Outinen et al., 1998). Moreover, activated ATF4 leads to ROS
generation and NF-κB activation, resulting in oxidative stress and
inflammation (Zhang and Kaufman, 2008).

Additionally, ER stress activates sterol regulatory element-
binding proteins (SREBPs), transcription factors responsible for
the upregulation of genes implicated in lipid production (Dorotea
et al., 2020). In the liver, SREBP activation regulates the genes
accountable for triglyceride biosynthesis and the expression of
HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-coenzyme A
reductase), the rate-limiting enzyme in cholesterol biosynthesis
(Zhou and Austin, 2009). Regarding HDL, Hcy lowers HDL
cholesterol plasma levels by blocking the hepatic synthesis of apo
A-I, the primary HDL apolipoprotein (Barter and Rye, 2006).

Moreover, ER stress accelerates SREBP expression in the cardiac
tissues, elevating intracellular lipid levels and cardiac lipidopathy
(Colgan et al., 2007). Elevated intracellular fat levels increase
lipolysis of cardiac lipids and oxidation of fatty acids, leading to
cardiac mitochondrial dysregulation and exacerbated ER stress, thus
forming a vicious loop of lipid biosynthesis, mitochondrial
dysfunction, and ER stress, leading to ventricular malfunction
(Ayyappan et al., 2020).

Linagliptin (Lina) is a dipeptidyl peptidase-4 (DPP4) inhibitor
that maintains incretin hormones, such as gastric inhibitory
polypeptide (GIP) and glucagon-like peptide GLP-1, by inhibiting
their degradation mediated by dipeptidyl peptidase 4, thus reducing
postprandial insulin secretion and inhibiting apoptosis of pancreatic
cells (Karaca et al., 2009). Studies indicate that Lina has a wide range
of effects in addition to its glycemic actions. Based on many studies,
Lina significantly ameliorated dyslipidemia and cardiac fibrosis
(Aykan et al., 2019; Cuijpers et al., 2021). Additionally, Lina
improved antioxidant status (Koibuchi et al., 2014) and alleviated
ER stress in hepatic and brain tissues by reducing expression levels
of both GRP78 and CHOP messenger RNA (El-Deeb et al., 2020;
Santos et al., 2020).

Secoisolariciresinol diglucoside (SDG), a lignan isolated from
flaxseed, has satisfactory effects on CVDs, cancer, metabolic
syndrome, and obesity (Rom et al., 2018). Regarding
hyperlipidemia, SDG reduces oxidative stress, total blood
cholesterol, and LDL-C levels, and raises serum HDL-C levels
(Wei et al., 2020). Furthermore, SDG restores ER stress
homeostasis by reducing the expression of ER stress mediators,
IRE1α, Bip, CHOP, PERK, and ATF6 (Wei et al., 2020).
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The current study aimed to explore the mechanisms underlying
HHcy-induced hyperlipidemia and CH with a deeper insight into
ER stress, which, to the best of our knowledge, is the first to be
evaluated in the cardiac tissue in the case of HHcy. Moreover, our
study is extended to investigate the effect of Lina, SDG, and their
combination on HHcy-induced hyperlipidemia and cardiac
dysfunction in the rat model in the absence of other
cardiovascular risk factors.

2 Materials and method

2.1 Experimental animals and ethics

Seventy-five adult male Sprague–Dawley rats, weighing
180–200 g, were purchased from the breeding unit of the
Egyptian Organization of Biological Products and Vaccines
(Helwan, Egypt). Animals were acclimatized for 7 days under
standard laboratory conditions at 25°C ± 2°C and 12 h light/dark
cycling. They were fed an ad libitum standard pellet diet and
water.

The research ethics and animal care and use committee of the
Faculty of Pharmacy, Helwan University (protocol number:
02A2021), approved the experimental techniques and animal care.

2.2 Chemicals

Methionine powder (purity 98%) was obtained from Xian Plant
Bio-Engineering Co., (Shaanxi, China) (catalog no. PLT-AA-17). It
was suspended in 1% Tween 80 (Sigma-Aldrich Chemicals Co., St.

Louis, MO, United States) in distilled water. Secoisolariciresinol
diglucoside (SDG) powder (purity 60%) was obtained from Xian
Plant Bio-Engineering Co., (Shaanxi, China) (catalog no. PLT-59).
Linagliptin powder (purity 99.5%) was obtained fromNanjing Yanst
Bio-Tech. Co., (Nanjing, China) (batch no. FI201118) dissolved in
1% Tween 80 in distilled water.

2.3 Groups and treatment

2.3.1 HHcy induction
For induction of HHcy, rats were orally administered MET

(2 g/kg/day, p.o.) suspended in 1% Tween 80 in distilled water for
60 days. The dose selection and the experimental duration were
based on both a preliminary study and previous research
(Bonaventura et al., 2009). HHcy was determined by measuring
the plasma Hcy level.

2.3.2 Experimental design
After acclimatization, 75 adult male Sprague–Dawley rats

weighing 180–220 g, aged 6–8 weeks, were randomly allocated
into five groups, with 15 rats in each group (Figure 1).

2.3.2.1 Group 1: control group
It included 15 rats that received 1% Tween 80 in distilled water

and were fed an ad libitum commercial rodent diet and water for
60 days.

2.3.2.2 Group 2: MET-treated group
It included 15 rats that received MET (2 g/kg/day, p.o.) for

60 days.

FIGURE 1
Experimental design of the study.
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2.3.2.3 Group 3: Lina-treated group
It included 15 rats that received Lina (3 mg/kg/day, p.o.),

followed, 2 h later, by MET (2 g/kg/day, p.o.) for 60 days. The
dose selection was based on Si et al. (2019).

2.3.2.4 Group 4: SDG-treated group
It included 15 rats that were administered SDG (20 mg/kg/day,

p.o.), followed, 2 h later, by 2 g/kg/day MET (2 g/kg/day, p.o.) for
60 days. The dose selection was based on Zanwar et al. (2014).

2.3.2.5 Group 5: Lina + SDG-treated group
It included 15 rats that received both Lina (3 mg/kg/day, p.o.)

and SDG (20 mg/kg/day, p.o.), followed, 2 h later, by MET (2 g/kg/
day, p.o.) for 60 days.

2.4 Hemodynamic measurements

The rats were weighed at the beginning of the experiment and
after 60 days. After three acclimatization cycles, blood pressure (BP)
and heart rate (HR) were measured 24 h after the last dose using a
CODA multichannel, computerized, noninvasive BP device (Kent
Scientific Co., Torrington, CT, United States).

Chlorpromazine (0.75 mg/kg, I.P.) (Sigma-Aldrich Chemicals
Co., St. Louis, MO, United States) (product no. BP856) and
ketamine (100 mg/kg, I.P.) (Sigma-Aldrich Chemicals Co., St.
Louis, MO, United States) (product no. Y0000450) were then
used to anesthetize the rats (Ambrosi et al., 2016). Then, the
electrocardiogram (ECG) was recorded using a digital acquisition
system PowerLab 4/30, laboratory chart software (ADInstruments
Inc., Dunedin, New Zealand).

Afterward, blood samples were taken from the orbital sinus of
the rats. Centrifugation at 4,000 rpm for 10 min was performed to
separate the serum, which was then stored at –80°C to be used for the
assessment of Hcy, lipid profile, and cardiac markers.

After obtaining blood samples, the animals were euthanized
by cervical dislocation, and an abdominal incision was made
along the midline. The hearts were then quickly removed, washed
in ice-cold phosphate-buffered saline (El-Nasr Chemical Co.,
Abu Zaabal, Cairo, Egypt), dried, and weighed to determine the
heart-to-body weight ratio (HW/BW). From each group, six
hearts were homogenized in phosphate-buffered saline, and
the supernatants were kept at–80°C. The homogenates were
centrifuged at 5,000 rpm for 5 min at 4° C, following two
freeze–thaw cycles to disrupt the cell membranes, and the
clear supernatants were used for the biochemical examination.
Another six hearts from each group were homogenized in RIPA
lysis buffer, and the clear supernatants were used for Western
blot analysis.

Finally, three heart samples from each group were fixed in 10%
phosphate-buffered formalin for histopathological and
immunohistochemical analyses.

2.5 Biochemical serum analysis

Hcy and cardiac troponin I (cTn-I) levels were measured using
CUSABIO ELISA kits (catalog nos CSB-E13376r and CSB-E08594r,

respectively) (Wuhan, China). The minimum detectable doses of rat
Hcy and cTn-I are typically less than 0.195 nmol/mL and 7.81 pg/
mL, respectively.

The total cholesterol (TC) level was measured using BioAssay
Systems EnzyChromTM AF Cholesterol Assay Kit (catalog no.
E2CH-100) (Hayward, CA, United States). The linear detection
range for the colorimetric assay is 0.1–10 mg/dL cholesterol.

Triglyceride (TG) and HDL-C levels were measured using
BioMed diagnostic commercial kits (OR, United States) (catalog
nos TG117090 and CKM108025, respectively). CK-MB activity was
measured using colorimetric BioDiagnostic commercial kits (catalog
no. CH 12 30) (Giza, Egypt). The sensitivities of these methods are
3 mg/dL, 1 mg/dL, and 1 U/L for TG, HDL-C, and CK-MB,
respectively. All the procedures were carried out according to the
provider’s instructions.

Moreover, the atherogenic index and atherogenic coefficient
were used to predict CVD risks. TG and HDL-Cmake up the unique
index known as the atherogenic index of plasma (AIP). It has been
used to measure blood lipid levels and is frequently considered the
best indicator of dyslipidemia and related disorders (such as
cardiovascular diseases). The atherogenic coefficient (AC) is a
different index that is determined by the non-HDL-C to HDL-C
ratio (Singh, 2015).

2.6 Biochemical assay of heart tissues

Reduced glutathione (GSH) and malondialdehyde (MDA)
contents in the heart homogenate supernatant were determined
using a colorimetric MyBioSource research kit (catalog no.
MBS265966) and BioVision (Milpitas, CA, United States)
(catalog no. K739-100), respectively. The sensitivities of these
methods for GSH and MDA are up to 0.5 ug/mL and 0.1 nmol/
well, respectively.

Inflammatory markers interleukin 8 (IL-8) and TNF-α contents
were measured using MyBioSource rat enzyme-linked
immunosorbent assay kits (ELISA) (C.A., United States) (catalog
nos MBS9141543 and MBS2507393, respectively). The sensitivities
of the assays for both IL-8 and TNF-α are approximately 1.0 pg/mL
and 46.88 pg/mL, respectively. All the procedures were carried out
according to the provider’s instructions. The Elabscience Rat ANP
(atrial natriuretic peptide) ELISA kit (TX, United States) (catalog no.
E-EL-R0017) was used to determine the quantity of ANP in the
heart homogenate supernatant. The processes were in accordance
with the vendor’s guidelines. The sensitivity of this assay is
approximately 9.38 pg/mL.

2.7 Histopathological observation

Sections of cardiac tissues were fixed in 10% formal saline for
72 h. Dehydration was achieved by washing in tap water, followed by
successive dilutions of alcohol. Samples were cleared in xylene
before being embedded in paraffin for 24 h at 56° C in a hot air
oven. Paraffin beeswax tissue blocks were made for sectioning at
50 µm thickness for hearts and stained with hematoxylin and eosin
(H&E) (Culling, 1974). The slides were observed under a light
microscope (at ×400 magnification).
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2.8 Immunohistochemical analysis

Paraffin-embedded tissue sections having a thickness of
5 microns were obtained per the manufacturer’s protocol.
According to Elsayed et al. (2022), sections of the deparaffinated
recovered tissue were exposed to 0.3% H2O2 for 20 min. Afterward,
anti-cleaved caspase-3 (GB11532, Servicebio–1: 500) was incubated
with cardiac samples overnight at 4°C. Afterward, tissue sections
were treated with the secondary antibody HRP EnVision kit
(DAKO) for 20 min before being cleaned again and incubated
with diaminobenzidine (DAB) for 15 min. After being cleaned
with PBS, the samples were counter-stained with hematoxylin,
dehydrated, and cleared with xylene before being covered for
microscopic inspection.

In the immunohistochemically stained sections, the
percentage area of expression levels of cleaved caspase-3 was
determined in at least six randomly chosen, non-overlapping
fields for each sample. Utilizing the Leica application module for
histological analysis coupled to the full HD microscopic imaging
system (Leica Microsystems GmbH, Germany), all light
microscopic examinations were performed, and data were
collected.

2.9 Western blot analysis

Proteins were extracted from heart samples and estimated
using the RIPA lysis buffer and the Bradford protein assay kit
(Bio Basic Inc.). Proteins were then electrophoresed on a sodium
dodecyl sulfate–polyacrylamide gel and transferred to a
polyvinylidene difluoride membrane with the Bio-Rad Trans-
Blot Turbo apparatus. The membranes were incubated with
primary antibodies against ATF4, CHOP, GRP78, PERK, and
SREBP1c (Thermo Fisher Scientific, Waltham, MA,
United States) (antibodies’ catalog nos: PA5-40294, PA5-
104528, PA1-014A, PA5-40294, and PA1-014A, respectively).
Afterward, membranes were washed with Tris-buffered saline
with Tween 20 (TBST) buffer and then incubated with the goat
anti-rabbit HRP-conjugated secondary antibody solution (Novus
Biologicals, Littleton, CO, United States), and finally rinsed in
TBST buffer. According to the manufacturer’s instructions, the
chemiluminescent substrate (Clarity Western ECL substrate,
Bio-Rad, Hercules, CA, United States) was applied to the blot.
A CCD camera-based imager was used to visualize the protein
bands. A Chemi Doc MP imager was used to analyze the images,
and they were normalized using β-actin protein expression.

2.10 Statistical analysis

The findings were statistically analyzed using GraphPad Prism
version 9.1 software (GraphPad Software, San Diego, CA,
United States). The results were expressed as mean ± standard
deviation (S.D.). One-way analysis of variance (ANOVA) was used
to assess significance between the groups, followed by Tukey’s
multiple comparison post hoc test. A p-value of less than
0.05 was considered significant.

3 Results

3.1 Effects of Lina, SDG, and their
combination on the Hcy level,
hemodynamic measurements, and the ratio
of heart weight to body weight

Administration of MET showed a significant increase in the Hcy
serum level by 3.6-fold compared to that in the control group
(Table 1). Nevertheless, pretreatment with Lina, SDG, and
combined Lina + SDG showed a significant decrease in the Hcy
serum level by 41.3%, 41.1%, and 60.3%, respectively, compared to
that in the MET group.

Regarding body weight, SBP, DBP, and MBP, the five groups
showed a non-significant difference (Table 1). However, the MET
group showed a significant decrease in HR by 68.9% and an increase
in HW and HW/BW by 1.6- and 1.5-fold, respectively, compared to
that in the control group (Table 1). Pretreatment with Lina showed a
significant increase in HR by 1.25-fold and a decrease in HW and
HW/BW by 21.8% and 21.4%, respectively, compared to that in the
MET group. However, pretreatment with SDG showed a significant
increase in HR by 1.18-fold and a decrease in HW and HW/BW by
20.2% and 19.1%, respectively, compared to that in the MET
group. Combined Lina + SDG showed a significant increase in
HR by 1.38-fold and a decrease in HW and HW/BW by 30.17% and
25.8%, respectively, compared to that in the MET group.

ECG pattern changes were remarkably triggered by chronic
administration of MET, as manifested by enhanced amplitudes of
R, Q, and T waves; QRS-wave duration; QT interval; and RR interval
by 1.5, 2.9, 3, 1.5, 1.7, and 2-fold, respectively, compared to that in
the control group (Table 2; Figure 2). Moreover, the ECG of the
MET group displayed ST-segment depression, ST-segment
elevation, and T-wave inversion in 40%, 60%, and 40% of rats,
respectively, compared to that in the control group. Additionally, as
shown in the ECG, the following forms of atrioventricular (AV)
blocks were detected: 30% of rats developed a first-degree AV block,
30% of rats developed a second-degree AV block, and 40% of rats
developed a third-degree AV block in the MET group, as indicated
by a prolonged PR interval, irregular P-wave to R-wave ratio, and a
lack of relation between P and R waves, respectively.

Pretreatment with Lina showed a significant improvement of
the ECG pattern, as detected by the decreased amplitudes of R, Q,
and T waves; QRS duration; QT interval; and RR interval by
18.2%, 4.7%, 9.9%, 0.4%, 1.3%, and 13.6%, respectively, compared
to that in the MET group. Compared to the control group, rats
treated with Lina displayed a non-significant difference in the
ECG parameters except for the enhanced T-wave amplitude, QRS
duration, and QT interval.

Moreover, pretreatment with SDG exhibited a significant
improvement in the ECG pattern, as manifested by the decreased
amplitudes of R, Q, and T waves; QRS duration; QT interval; and RR
interval by 18.6%, 2.6%, 5.5%, 0.3%, 0.9%, and 11.8%, respectively,
compared to that in the MET group. Additionally, the ECG of the
SDG group displayed ST-segment depression in 60% of rats and
T-wave inversion in 40% of rats. Compared to control rats, rats
treated with SDG displayed a non-significant difference (p > 0.05),
regarding the R-wave amplitude and RR interval.

Frontiers in Pharmacology frontiersin.org05

Jalal et al. 10.3389/fphar.2023.1275730

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1275730


Interestingly, combined Lina + SDG pretreatment led to a
significant improvement of the ECG pattern, as indicated by the
declined amplitudes of R, Q, and T waves; shortened QRS duration;
and decreased QT and RR intervals by 30%, 4.3%, 11.9%, 0.6%,
2.11%, and 15.1%, respectively, compared to that in the MET
group. The combined treatment group displayed a non-
significant difference in the ECG parameters compared to control
rats except for the QT interval.

3.2 Effects of Lina, SDG, and their
combination on CK-MB, cTnI, and ANP
levels

Cardiac damage and hypertrophy were further evaluated by
measuring CK-MB, cTnI, and ANP levels. The MET group depicted
a remarkable enhancement in CK-MB, cTnI, and ANP serum levels
by 2.3, 3.6, and 3.7-fold, respectively, compared to that in the control
group (Table 3). However, pretreatment with Lina showed a

significant decrease in CK-MB, cTnI, and ANP serum levels by
40.3%, 50.7%, and 45%, respectively, compared to that in the MET
group. Rats treated with SDG showed a significant decline of CK-
MB, cTnI, and ANP serum levels by 38%, 48.6%, and 41.9%,
respectively, compared to that in the MET group. Combined
Lina + SDG pretreatment led to a significant decrease of CK-MB,
cTnI, and ANP serum levels by 48.2%, 59.6%, and 55.9%,
respectively, compared to that in the MET group (Table 3).

3.3 Effects of Lina, SDG, and their
combination on the lipid profile, atherogenic
index, and atherogenic coefficient

The antihyperlipidemic effect of Lina, SDG, and their
combination in MET-treated rats was evaluated by measuring
TG, TC, and HDL serum levels. TG and TC serum levels were
significantly elevated in the MET group by 1.9 and 1.8-fold,
respectively, compared to those in the control group (Figures 3A,

TABLE 1 Effects of Lina (3 mg/kg/day. p.o.), SDG (20 mg/kg/day, p.o.), and their combination on HW/BW, the Hcy level, blood pressure, and heart rate in MET-
treated rats.

Parameter Control MET Lina SDG Lina + SDG

Hcy level (nmol/mL) 3.535 ± 0.4388 12.85 ± 0.5828a 7.545 ± 0.3746a, b 7.573 ± 1.083a, b 5.102 ± 0.6539a, b, c, d

Body weight (g) 234.7 ± 16.46 245.8 ± 23.51 242.5 ± 9.24 241.0 ± 14.6 228.6 ± 12.19

Heart weight (mg) 624.9 ± 63.49 999.8 ± 18.06a 781.6 ± 52.51a, b 798.1 ± 45.40a, b 698.3 ± 40.18b, c, d

HW/BW (mg/g) 2.665 ± 0.1056 4.105 ± 0.3630a 3.235 ± 0.1261a, b 3.323 ± 0.1213a, b 3.043 ± 0.04383a, b

SBP (mmHg) 119.9 ± 4.166 130.5 ± 8.855 126.6 ± 8.025 128.7 ± 9.067 120.4 ± 2.667

DBP (mmHg) 89.8 ± 7.262 100.1 ± 7.304 96.07 ± 5.725 93.87 ± 9.156 92.93 ± 4.559

MBP (mmHg) 99.2 ± 5.772 107.2 ± 9.697 104 ± 5.345 106.4 ± 4.852 103.7 ± 5.147

H.R. (bpm) 323.5 ± 29.05 223.3 ± 18.24a 278.4 ± 19.18a, b 264.2 ± 18.48a 307.8 ± 32.19b, d

Results are expressed as mean ± S.D. (N = 15) at p < 0.05 using ANOVA prior to Tukey’s post hoc test for multiple comparisons.
asignificant difference from the control group.
bsignificant difference from the MET group.
csignificant difference from the Lina group.
dsignificant difference from the SDG group.

Abbreviations: Hcy, homocysteine; Lina, linagliptin; SDG, secoisolariciresinol diglucoside; MET, methionine; HW/BW, heart weight to body weight ratio; SBP, systolic blood pressure; DBP,

diastolic blood pressure; MBP, mean blood pressure; HR, heart rate.

TABLE 2 Effects of Lina (3 mg/kg/day. p.o.), SDG (20 mg/kg/day, p.o.), and their combination on the electrocardiographic (ECG) patterns in MET-treated rats.

Parameter Control MET Lina SDG Lina + SDG

R-wave amplitude (mV) 0.5744 ± 0.02455 0.8831 ± 0.2099a 0.7012 ± 0.1335b 0.6967 ± 0.09513b 0.5826 ± 0.03054b

Q-wave amplitude (mV) −0.021 ± 0.01187 −0.064 ± 0.02354a −0.021 ± 0.01163b −0.041 ± 0.01356a, b, c −0.027 ± 0.00975b

T-wave amplitude (mV) 0.0661 ± 0.009538 0.1991 ± 0.01379a 0.1007 ± 0.01379a, b 0.1449 ± 0.04547a, b, c 0.0813 ± 0.005192b, d

QRS-wave duration (s) 0.01264 ± 0.001210 0.01863 ± 0.005081a 0.01467 ± 0.0011a, b 0.01573 ± 0.0005354a, b 0.01309 ± 0.0008523b, c, d

QT interval (s) 0.04084 ± 0.00348 0.07025 ± 0.004409a 0.05692 ± 0.0068a, b 0.0616 ± 0.007886a, b 0.04913 ± 0.003335a, b, c, d

RR interval (s) 0.1689 ± 0.03085 0.3391 ± 0.1127a 0.2033 ± 0.05148b 0.2211 ± 0.04044b 0.1888 ± 0.02282b

Results are expressed as mean ± S.D. (N = 15) at p < 0.05 using ANOVA prior to Tukey’s post hoc test for multiple comparisons.
asignificant difference from the control group.
bsignificant difference from the MET group.
csignificant difference from the Lina group.
dsignificant difference from the SDG group.

Abbreviations: Lina, linagliptin; SDG, secoisolariciresinol diglucoside; MET, methionine; mV, millivolt; s, second.
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B). However, pretreatment with Lina, SDG, or combined Lina +
SDG showed a significant reduction of the TG level by 29.6%,
28.7%, and 44.5%, respectively, and the TC level by 33%, 32%,
and 42.6%, respectively, compared to those in the MET group
(Figures 3A, B). Interestingly, pretreatment with Lina, SDG, or

combined Lina + SDG showed a significant increase in the serum
HDL level by 1.5, 1.6, and 1.9-fold, respectively, compared to
that in the MET-a group, which showed a notable decline in
serum HDL by 57.2% compared to that in the control group
(Figure 3C).

FIGURE 2
Effects of Lina (3 mg/kg/day. p.o.), SDG (20 mg/kg/day, p.o.), and their combination on ECGmeasurements in MET-treated rats. Representative ECG
graphs of: (A) control group with a typical pattern. (B) MET group: a) elevated R-wave amplitude, b) elevated T-wave amplitude, c) dropped QRS-wave
(second-degree heart block), d) increased PR interval (first-degree heart block), e) increased QRS duration, f) increased QT interval, g) pathological
Q-wave, h) ST-segment elevation, i) increased RR interval, j) ST-segment depression, k) T-wave inversion, and l) lack of relation between P and R
waves (third-degree heart block). (C) Lina-treated group: a) decreased R-wave amplitude, b) decreased Q-wave amplitude, c) decreased T-wave
amplitude, d) decreased QRS-wave duration, e) decreased QT interval, f) decreased RR interval, and g) decreased PR interval. (D) SDG-treated group: a)
decreased R-wave amplitude, b) decreased Q-wave amplitude, c) decreased T-wave amplitude, d) ST-segment depression, e) T-wave inversion, f)
decreased RR interval, and g) decreased PR interval. (E) Lina + SDG-treated group: a) decreased R-wave amplitude, b) decreased Q-wave amplitude, c)
decreased T-wave amplitude, d) decreased QRS-wave duration, e) decreased QT interval, f) decreased RR interval, and g) decreased PR interval.
Abbreviations: Lina, linagliptin; SDG, secoisolariciresinol diglucoside; MET, methionine; ECG, electrocardiography.
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Regarding atherogenic index, pretreatment with Lina, SDG,
and combined Lina + SDG showed a significant decrease by
38.5%, 42.5%, and 65.4%, respectively, compared to that in the
MET group, which showed a significant increase of the
atherogenic index by 5-fold compared to that in the control
group (Figure 3D). Regarding the atherogenic coefficient,
pretreatment with Lina, SDG, or combined Lina + SDG
showed a significant decrease by 59.9%, 63.6%, and 77.4%,
respectively, compared to that in the MET group, which
showed a notable enhancement of the atherogenic coefficient
by 6.8-fold compared to that in the control group (Figure 3E).

3.4 Effects of Lina, SDG, and their
combination on cardiac oxidative stress
markers

GSH and MDA levels in heart tissue were measured to evaluate
cardiac antioxidant activity and lipid peroxidation. The MET group
elucidated a remarkable decrease in the cardiac GSH level by 50.6%
and a notable augmentation in the MDA level by 4.8-fold compared
to the control group (Figures 4A, B). Contrarily, pretreatment with
Lina, SDG, and combined Lina + SDG showed a significant rise in
the GSH level by 1.7, 1.6, and 1.9-fold, respectively (Figure 4A), and

TABLE 3 Effects of Lina (3 mg/kg/day. p.o.), SDG (20 mg/kg/day, p.o.), and their combination on serum levels of cardiac CK-MB, cTnI, and ANP in MET-treated rats.

Parameter Control MET Lina SDG Lina + SDG

CK-MB 118.5 ± 2.917 272.4 ± 12.75a 162.5 ± 13.32a, b 168.9 ± 7.078a, b 141.2 ± 5.615a, b, c, d

cTnI 84.35 ± 7.388 301.9 ± 25.23a 148.9 ± 11.64a, b 155.1 ± 14.17a, b 121.9 ± 10.91a, b, c, d

ANP 37.22 ± 1.015 138.1 ± 6.446a 75.97 ± 6.718a, b 80.28 ± 4.405a, b 60.92 ± 6.852a, b, c, d

Results are expressed as mean ± S.D. (N = 6) at p < 0.05 using ANOVA prior to Tukey’s post hoc test for multiple comparisons.
asignificant difference from control group.
bsignificant difference from MET group.
csignificant difference from Lina group;
dsignificant difference from SDG group.

Abbreviations: Lina, Linagliptin; SDG, Secoisolariciresinol Diglucoside; MET, Methionine; CK-MB, creatine kinase- MB; cTnI, cardiac troponin I; ANP, atrial natriuretic peptide.

FIGURE 3
The effect of Lina (3 mg/kg/day. p.o.), SDG (20 mg/kg/day, p.o.) and their combination on the lipid profile, atherogenic index and atherogenic
coefficient in MET -treated rats. (A) TG (B) TC (C)HDL (D) Atherogenic index and (E) Atherogenic coefficient. Results are expressed asmean ± S.D. (N = 6)
at p = 0.05 using ANOVA prior to Tukey’s post hoc test for multiple comparisons. a, significant difference from control group; b, significant difference
from MET group; c, significant difference from Lina group; d, significant difference from SDG group. Abbreviations: Lina, Linagliptin; SDG,
Secoisolariciresinol Diglucoside; MET, Methionine; TG, Triglyceride; TC, Total cholesterol; HDL, High density lipoprotein.
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a significant decrease in the MDA level by 44%, 38.2%, and 60.9%,
respectively, compared to that in the MET group (Figure 4B).

3.5 Effects of Lina, SDG, and their
combination on cardiac inflammatory
markers

To examine the anti-inflammatory effect of Lina and SDG, TNF-
α and IL-8 levels were measured (Figures 4C, D). The MET group
depicted a significant upregulation in TNF-α and IL-8 levels by
4.7 and 3.4-fold, respectively, compared to the control group
(Figures 4C, D). However, pretreatment with Lina, SDG, and
combined Lina + SDG showed a significant decrease in TNF-α
by 50.7%, 45.1%, and 67.9%, respectively (Figure 4C), and the IL-8
level by 55.1%, 54.6%, and 63.2%, respectively, compared to that in
the MET group (Figure 4D).

3.6 Effects of Lina, SDG, and their
combination on cardiac caspase-3

Cardiac tissues of the MET group showed a notable protein
expression of the proapoptotic marker caspase-3. On the contrary,
pretreatment with Lina, SDG, and their combination reduced the
expression of caspase-3 by 83%, 69%, and 93.7%, respectively,
compared to that in the MET group (Figure 5).

3.7 Effects of Lina, SDG, and their
combination on ER stress markers, GRP78,
PERK, ATF4, CHOP, and SREBP1c

As elucidated in Figure 6, chronic administration of MET led to
a remarkable increase in the protein expression of GRP78, PERK,
ATF4, CHOP, and SREBP1c in cardiac tissues by 6.4, 6.4, 6.2, 6.4,

FIGURE 4
The effect of Lina (3 mg/kg/day. p.o.), SDG (20 mg/kg/day, p.o.) and their combination on cardiac oxidative stress and inflammatory markers in MET
-treated rats. (A) GSH (B)MDA (C) TNF- α and (D) IL-8 levels. Results are expressed as mean ± S.D. (N = 6) at p < 0.05 using ANOVA prior to Tukey’s post
hoc test for multiple comparisons. a, significant difference from control group; b, significant difference from MET group; c, significant difference from
Lina group; d, significant difference from SDG group. Abbreviations: Lina, Linagliptin; SDG, Secoisolariciresinol Diglucoside; MET, Methionine; GSH,
Glutathione; MDA, Malondialdehyde; TNF- α, Tumor necrosis factor- alpha; IL-8, Interlukin-8.
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FIGURE 5
Effects of Lina (3 mg/kg/day. p.o.), SDG (20 mg/kg/day, p.o.), and their combination on caspase-3 expression levels in MET-treated rats. (A) Control
group, (B) MET group, (C) Lina-treated group, (D) SDG-treated group, (E) Lina + SDG-treated group, and (F) mean area percentage of expression of
caspase-3 (scale bar = 50 µm). Results are expressed as mean ± S.D. (N = 6) at p < 0.05 using ANOVA prior to Tukey’s post hoc test for multiple
comparisons. a: Significant difference from the control group; b: significant difference from the MET group; c: significant difference from the Lina
group; d: significant difference from the SDG group. Abbreviations: Lina, linagliptin; SDG, secoisolariciresinol diglucoside; MET, methionine.

FIGURE 6
The effect of Lina (3 mg/kg/day. p.o.), SDG (20 mg/kg/day, p.o.) and their combination on cardiac expression of (A) GRP78, (B) PERK, (C) ATF4, (D)
CHOP, and (E) SREBP1c in relation to β-actin. Results are expressed as mean ± S.D. (N = 6) at p < 0.05 using ANOVA prior to Tukey’s post hoc test for
multiple comparisons. a: significant difference from control group; b: significant difference fromMET group; c: significant difference from Lina group; d:
significant difference from SDG group. (F) Representative western blot bands showing the expression of GRP78, PERK, ATF4, CHOP, SREBP1c and β-
actin in all groups. Abbreviations: Lina: Linagliptin, SDG: Secoisolariciresinol Diglucoside, MET: Methionine, GRP78: glucose- regulated protein 78, PERK:
Protein kinase RNA- like Endoplasmic reticulum kinase, ATF4: activating transcription factor 4, CHOP: C/EBP homologous protein, SERBP1c: sterol
regulatory element-binding protein 1c.
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and 5.5-fold, respectively, in comparison with that in the control
group. On the other hand, pretreatment with Lina resulted in a
notable inhibition of GRP78, PERK, ATF4, CHOP, and SREBP1c
expression by 54.1%, 70.4%, 49.6%, 53.7%, and 53.2%, respectively,
compared to that in the MET group. Moreover, pretreatment with
SDG showed a significant decrease in GRP78, PERK, ATF4, CHOP,
and SREBP1c expression by 52.7%, 57.3%, 54%, 52.4%, and 53%,
respectively, compared to that in the MET group. Pretreatment with
combined Lina + SDG showed a remarkable decline of GRP78,
PERK, ATF4, CHOP, and SREBP1c expression by 64%, 73.5%, 73%,
60.8%, and 73.4%, respectively, compared to that in the MET group.

3.8 Effects of Lina, SDG, and their
combination on histopathological features

Cardiac tissue sections stained with H&E of the MET group
showed focal areas of vacuolar and fatty changes of cardiomyocytes
with alternated figures of fragmented myofibrils in some muscle
fibers with pyknotic nuclei and apparent intact cardiomyocytes.
Mild-to-moderate records of congested blood vessels were also

observed (Figure 7). On the other hand, cardiac tissue sections
obtained from the Lina-treated group showed minimal records of
vacuolar and fatty changes of cardiomyocytes throughout the
examined tissue sections, with almost apparent intact cellular
details and interstitial tissue. In addition, pretreatment with SDG
revealed almost intact histological features in most of the examined
cardiac tissue sections, with occasional mild records of focal
degenerated cardiomyocytes. Pretreatment with combined Lina +
SDG showed well-organized histological features of the cardiac wall
comparable to that of the normal control (Figure 7).

4 Discussion

Our study was designed to establish the effect of HHcy on the
cardiac tissue and to assess the antihyperlipidemic and cardiac
improvement effects of Lina, SDG, and their combination on
MET-treated rats. Our results showed a significant increase in
Hcy, TC, and TG serum levels and a remarkable decline in HDL
serum levels in MET-treated rats compared to that in the control
group. Previous studies revealed that increased serum levels of Hcy

FIGURE 7
Representative photomicrographs of heart tissues stained with H&E, ×400 magnification, scale bar = 50 µm, showing the effect of Lina (3 mg/kg/
day. p.o.), SDG (20 mg/kg/day, p.o.), and their combination on MET-treated rats. (A) Cardiac tissue section of the control group demonstrating normal
organized histological features of cardiac walls with intact endocardium, myocardium, and pericardial layers with apparent intact branched
cardiomyocytes showing intact visible nuclear and subcellular details (arrow). Normal interstitial tissues with intact vasculatures are shown. (B)
Cardiac tissue section of the MET group showing focal areas of vacuolar and fatty changes of cardiomyocytes (red arrow head)with alternated figures of
fragmented myofibrils in some muscle fibers with pyknotic nuclei (dashed arrow) and apparent intact cardiomyocytes. Mild-to-moderate records of
congested (B) BVs were observed (star). (C) Cardiac tissue section of the Lina-treated group showing minimal records of vacuolar and fatty changes of
cardiomyocytes all over examined tissue sections (red arrow head) with almost apparent intact cellular details (black arrow), as well as interstitial tissue.
(D) Cardiac tissue section of the SDG-treated group showed almost intact histological features in most of examined tissue sections (black arrow) with
occasional mild records of focal degenerated cardiomyocytes (red arrow head). (E)Cardiac tissue section of the Lina + SDG-treated group showedwell-
organized histological features of the cardiac wall resembling normal controls. Abbreviations: Lina, linagliptin; SDG, secoisolariciresinol diglucoside; MET,
methionine; H&E, hematoxylin and eosin.
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stimulate SREBP-1 and SREBP-2, which regulate genes responsible
for triglyceride biosynthesis and cholesterol production, leading to
accelerated LDL oxidation (Werstuck et al., 2001; Woo et al., 2005).
Furthermore, previous research has shown that Hcy lowers HDL-C
levels in plasma by inhibiting the hepatic synthesis of apo A-I, the
primary HDL apolipoprotein (Barter and Rye, 2006).

Moreover, apart from its effect on coronary blood flow,
hyperlipidemia contributes to various direct processes that
impact the ultrastructure of the myocardium, such as
inflammation and the oxidative stress state, fibrosis, and
inadequate autophagy, leading to heart damage (Yao et al., 2020).

Additionally, hemodynamic changes caused by HHcy were
evaluated, revealing a significantly reduced heart rate (HR).
These results followed previous studies (Kennedy et al., 2006;
Study, 2021; Joseph et al., 2022). Moreover, ECG records of the
MET-treated rats indicated a significant increase in R-wave and
T-wave amplitudes, QRS duration, QT interval, and RR interval
compared to that in the control group. In the same context, the MET
group displayed ST-segment depression, ST-segment elevation,
T-wave inversion, and forms of AV blocks. A large R-wave
indicates an enlarged left ventricle mass, whereas prolonged QRS
and QT intervals indicate a larger ventricular mass taking longer to
depolarize and repolarize m (Sysa-Shah et al., 2015; Zipes et al.,
2019). In the same context, persistent T-wave inversion and ST-
segment elevation are indicators of myocardial infarction (Coppola
et al., 2013), while ST-segment depression indicates myocardial
ischemia (Al-Zahrani et al., 2015). Furthermore, ECG showed the
three types of AV blocks (Carll et al., 2013; Da Cunha et al., 2014;
Chowdhury et al., 2015).

Myocardial damage and infarction were confirmed by
measuring cTnI and CK-MB levels (Cao et al., 2021), whereas
the ANP level was estimated as an indicator for hypertrophied
hearts (Hayashi et al., 2004). Serum levels of cTnI, CK-MB, ANP,
and HW/BW were significantly elevated in MET-treated rats.
Previous studies showed that HHcy causes cardiac injury and
remodeling through several mechanisms, such as the myocardial
collagen buildup, fibrosis, systolic dysfunction, and the activated
myocardial redox state (Weiss et al., 2001; Raaf et al., 2011).

The role of ER stress in the pathophysiology of many diseases
is indisputable, which prompted us to study the effect of HHcy on
the ER stress as a contributing pathway to the development of
heart dysfunction. HHcy exacerbates the myocardial cellular
redox state by the highly reactive thiol group of Hcy, which
undergoes an autoxidation reaction, decreasing the expression
and activities of antioxidants, resulting in ROS generation (Weiss
et al., 2001). Accordingly, HHcy-induced oxidative stress elicits
ER stress, which triggers GRP78 protein expression, which, in
turn, activates the PERK and IRE-1 pathways (Colgan et al.,
2007). Activation of PERK upregulates the expression of ATF-4,
leading to the generation of ROS, activation of NF-κB, and CHOP
protein, a promotor of apoptosis (Zhang and Kaufman, 2008). In
addition, ER stress activates SREBP expression, leading to
increase in intracellular lipid levels and cardiac lipidopathy,
which causes mitochondrial dysfunction, which finally leads to
ventricular fibrosis and malfunction (Puukila et al., 2017; Study,
2021). In our study, the protein expression of GRP78, PERK,
ATF-4, NF-κB, CHOP, and SREBP1c was remarkably enhanced
in the MET-treated group than in the control group, granting a

decisive confirmation of the involvement of ER stress in the
pathophysiology of HHcy.

Moreover, these previously mentioned data conform with our
findings, wherein cardiac levels of MDA, TNF-α, IL-8, and apoptotic
marker caspase-3 were significantly increased, while the GSH level
was notably reduced in MET-treated rats.

Our research was further extended to study the antihyperlipidemic
and cardioprotective effects of Lina, SDG, and their combination on
MET-treated rats. According to our findings, Lina, SDG, and their
combination decreased the Hcy serum level and notably improved the
lipid profile. A previous study revealed that DPP-4 inhibitors decrease
the Hcy serum level by enhancing the storage level of vitamin B12,
which is essential for Hcymetabolism (Tammen et al., 2023).Moreover,
the mechanism by which SDG can decrease the Hcy level is unclear.
However, Jose et al. (2018) suggested that oxidative stress decreases the
folate level, and accordingly, due to its antioxidant properties, SDGmay
increase the folate level, which is critically involved in Hcy metabolism.
Additionally, it was found that pretreatment with either Lina or SDG
resulted in an improvement of cardiac injury and hypertrophy, as
evidenced by the significant decrease of HW/BW, improved ECG
pattern, and reduced serum levels of cardiac markers, indicating the
protective role of Lina and SDG against cardiac ischemia/infarction and
ventricular hypertrophy compared toMET-treated rats.Moreover, both
Lina and SDG remarkably reduced oxidative stress, and inflammatory
and apoptotic markers compared to the MET-treated group. These
results follow previous studies that reported the antioxidant and anti-
inflammatory effects of Lina and SDG (Santos et al., 2020; Wei et al.,
2020).

In the present study, both Lina and SDG remarkably
downregulated ER stress biomarkers compared to the MET-
treated group. The role of Lina on ER stress in the heart was
investigated based on studies applied to the liver and brain of
rats, which showed a significant decrease in ER stress biomarkers
when treated with Lina (El-Deeb et al., 2020; Santos et al., 2020). In
the same context, according to a previous study (Wei et al., 2020),
SDG significantly alleviated the enhanced mRNA expression of ER
stress mediators in high-fat and high-fructose diet (HFFD)-induced
hepatic lipid metabolic disorders.

Finally, our histopathological examination of the cardiac tissues
further confirmed the aforementioned findings.

It is worth mentioning that the improvement produced due to
the combined administration of Lina and SDG remarkably
surpassed the improvement predisposed by the intake of Lina
and SDG separately to the extent that the lipid profile, ECG
pattern serum levels of cardiac markers, and the histopathological
observations obtained from the combined Lina + SDG group were
comparable to those of the control group.

5 Conclusion

In the current study, we examined the cardioprotective effects of
Lina, SDG, and their combination against HHcy-induced
hyperlipidemia and cardiac hypertrophy in rats. The findings of this
investigation asserted the cardioprotective effect of Lina and SDG
against HHcy-induced hyperlipidemia and cardiac dysfunction in
rats through the inhibition of the ER stress pathway with the
consequent antioxidant, anti-inflammatory, and anti-apoptotic effects.
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6 Limitations to the study

A major limitation to all the dietary models of
hyperhomocysteinemia is that elevation of homocysteine is almost
always accompanied by alterations in other metabolites that may
influence vascular pathophysiology (Dayal and Lentz, 2008). In
addition, the most common cause of HHcy is thought to be enzyme
abnormalities related to Hcy metabolism rather than methionine
overconsumption. Finally, although the study results are of interest,
extrapolating these findings to humans would have positively
influenced the study.
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