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Abstract

Introduction. Cardiovascular diseases were defined as coronary artery, cerebrovascular, or peripheral arterial
disease. Hyperhomocysteinemia (Hhcy) is an independent risk factor of cardiovascular diseases, including athe-
rosclerosis. Our previous studies demonstrated the involvement of Hhcy in cardiovascular remodeling in the
sand rat Psammomys obesus.

Material and methods. An experimental Hhey was induced, in the sand rat Psammomys obesus, by a daily in-
traperitoneal injection of 70 mg/kg of methionine for a total duration of 6 months. The impact of Hhcy on the
cellular and matrix structures of the heart, aorta and liver was analyzed using histological techniques. Addition-
ally we treated primary cultures of aortic smooth muscle cells (SMCs) with high concentration of methionine to
investigate the effects of methionine at the cellular level.

Results. A moderate Hhcy induced a significant increase in the extracellular matrix components particularly
collagens which accumulated in the interstitial and perivascular spaces in the studied organs indicating a deve-
loping fibrosis. A liver steatosis was also observed following methionine treatment. Further analysis of the aorta
showed that Hhcy also induced vascular alterations including SMCs reorientation and proliferation associated
with aneurysm formation.

Conclusions. Our results show for the first time
that Hhey can induce a cardiovascular and liver
diseases phenotype in Psammomys obesus, a spe-
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Introduction

Cardiovascular diseases are complex pathologies with
multiple risk factors including genetic predispositions
and environmental factors such as diet. These diseases
are thus becoming among the leading causes of death
and stressors on the healthcare management in these
countries [1].

Homocysteine (Hcy) is a highly reactive sulf-
hydryl-containing amino acid and an intermediate
in methionine metabolism. It is produced via the
demethylation of dietary methionine, which is abun-
dant in animal protein [2]. For instance, an excessive
methionine intake in mice and rats animal models
leads to a high plasma concentration of Hcy known
as hyperhomocysteinemia (Hhcy) [3-5].

In humans, plasma Hcy concentrations ranging
from 12 and 100 wmol/L are considered to be indica-
tive of clinically relevant Hhcy [2]. In 1964, Gibson and
collaborators reported for the first time the presence
of vascular anomalies in patients with homocystinuria
(elevated concentration of Hey in both plasma and
urine) [6]. A few years later, in 1969 McCully intro-
duced his Hey hypothesis which connected Hhcy to an
increased risk of atherosclerosis [7]. To date, Hhcy has
become an established risk factor for coronary artery
diseases, peripheral vascular diseases, myocardial
infarction [8], and liver disease [9].

Indeed, decades of investigation in human patients
have established a close correlation between Hhcy and
cardiovascular diseases and subsequent complications
such as heart attacks and strokes have been described
previously [10]. Moreover, a diet rich in methionine
has been shown to induce cardiovascular system
damage through oxidative stress, inflammation, and
extracellular matrix remodeling [3, 5].

Psammomys obesus usually lives on a low energy
diet (plants mainly rich in water and minerals) in a nat-
ural desert habitat, however, when kept in laboratory
conditions fed with a rich diet, the animals show met-
abolic disorders related to high carbohydrates intake
[11, 12]. It is an atherosensitive animal which would
thus constitute an ideal model for the study of car-
diovascular diseases [11, 12]. We previously showed
Hhcy to induce a myocardial remodeling including
extracellular matrix in Psammomys obesus [13], but
we did not address the effects of Hhcy on the other
components of the cardiovascular system.

Our current work aims to establish a new model
for cardiovascular and liver diseases in Psammoniys
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obesus. Indeed, Psammomys obesus administrated
with methionine (Met) induced an Hhcy associated
with vascular and liver alterations reproducing car-
diovascular and liver pathologies phenotype.

Material and methods

Biological material and experimental protocol. Our study
was conducted on an experimental model of gerbillid class
(Psammomys obesus), gopher, a deserticolous rodent from
the region of Beni-Abbes, southwest of Algeria, in the city
of Bechar (30°7 northern latitude and 2°10 western longi-
tude). In its natural environment, this gerbil eats halophilic
Chenopodiaceae poor in calories (0.4 kcal/g for Salsola
foetida). The Chenopodiaceae are very rich in water and
mineral salts, especially sodium carbonate. Psammomys is
an animal primarily diurnal, living alone or in small groups
in burrows offering shelter from external temperature with
high moisture (50-80%) [14].

After familiarization time (25°C with 12-hour light/dark
cycles), female animals were divided into two pools, one
for control and another experimental: a control pool
(n = 5 animals) with a mean bodyweight of 93 g receiving
50 g of halophilic plants daily, and an experimented pool
(n = 5 animals) with a mean bodyweight of 96 g receiving dai-
ly 50 g of halophilic plants with methionine (Sigma-Aldrich,
64340, St. Louis, MO, USA), previously dissolved in physi-
ological water, at a dose of 70 mg/kg of body weight/day for
the treated lot. During the 6 months experiment, the animals
were weekly weighted. All experiments were carried out
in accordance with the Algerian legislation (Law number
12-235/2012) relating to animal protection, the recommen-
dations of the Algerian Association of Experimental Animal
Sciences (AASEA 45/DGLPAG/DVA/SDA/14), and the
EU Directive 2010/63/EU for animal experiments.

Blood samples were collected at the beginning (T0) and at
the end (T6) of the experiment from the retro-orbital sinus
of the eyes using a previously heparinized Pasteur pipette
[15]. Blood collected on heparinized tubes was centrifuged at
3000 g for 10 min. The collected plasma was stored at —80°C
for the determination of some biochemical plasma parameters.

Determination of total plasma homocysteine. The quanti-
tative determination of total plasma homocysteine was per-
formed by the Architect Homocysteine assay kit (Axis-Shield
Diagnostics Ltd, Dundee, UK) using CMIA (chemilumines-
cent microparticle immunoassay) technology. The oxidized
form of homocysteine present in the sample was reduced
to free homocysteine by the action of dithiothreitol [16].
Total free homocysteine was transformed into S-adeno-
syl-L-homocysteine (SAH) by recombinant SAH-hydrolase
in the presence of adenosine in excess. SAH and S-adeno-
syl-L-cysteine labeled with acridinium competed to fill the
binding sites on the anti-SAH monoclonal antibody. After
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washing, magnetic separation, and triggering reactions, the
light emitted by the acridinium was measured in relative
units of light by the optical system of the Architect analyzer.
An indirect relationship exists between the homocysteine
present in the sample and the amount of light emitted.

Determination of biochemical plasma parameters. Different
plasma parameters were quantified by the enzymatic colo-
rimetric method (glucose, triglycerides, cholesterol, total
proteins, and uric acid) by using Spinreact kits. Plasma was
collected for the measurement of lipoprotein on agarose gel
by the method of Kawakami et al. (1989).

Histological and histochemical analyses. At the end of
the experiment, animals were sacrificed after anesthesia
by intraperitoneal injection of urethane 25%. The organs
(heart, aorta, and liver) removed were quickly fixed in two
different fixing solutions (Bouin’s solution and 10% buffered
formalin), for 3 days and then dehydrated in ascending series
of ethanol. The organs were then cleared in 2 butanol baths
and embedded in paraffin. The 5 um-thick sections were
spread on Superfrost-plus glass slides. The slides were sub-
jected to topographic staining (Masson Trichrome method)
and selective histochemical staining of collagens and elastin
fibrillar (light green), proteoglycans (Alcian blue), glyco-
proteins (Periodic Acid Schiff), and lipid deposits (Sudan
Black) according to described methods [18].

Culture of aortic smooth muscle cells. The SMCs were cul-
tured by the explant technique [19]. The control aorta was
removed and immediately plunged in a Petri dish containing
Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal calf serum (FCS) supplemented with 1% antibiotics
(streptomycin 50 mg/mL, penicillin 50 IU/mL, Sigma), 1.2%
glutamine (Sigma) and 5% HEPES to maintain Ph of 7.4.
The aortic lumen was then emptied of blood. The aorta was
incubated for 20 min at 37°C in 0.1% collagenase I (Sigma)
in a serum-free medium to remove the endothelium and
facilitate the separation of adventitia and media and cut
into 1 mm explants. 8-10 explants were placed in culture
25 cm?® flasks and incubated in the presence of DMEM
containing 20% FCS, 1.2% glutamine, and 1% antibiotics
and placed in the incubator at 37°C under a humidified
atmosphere with 95% air and 5% CO,. The cultivation of
explants is the primary culture.

On the second culture passage and at the 7" passage and at
a confluence, the cells were resuspended after trypsinization.
They have seeded in 6-well plates at a rate of 0.8 x 106 cells/
/mL/well in DMEM supplemented with 10% FCS, 1.2% glu-
tamine, and 1% antibiotics and incubated in the presence of
50 mM methionine for 72 h [20]. At confluence, the medium
was removed; the control SMCs and SMCs cultured with
methionine were reincubated in 1.5 mL. DMEM without
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FCS for 24 h. The mediums were used for the determination
of total protein [21].

Quantification of aortic smooth muscle cells proliferation
rate. The SMCs were seeded in 6-well plates at a rate of
0.8 x 10° cells/mL/well in DMEM supplemented with
10% FCS, 1.2% glutamine, 1% antibiotics. Six SMCs plated
well were treated with 50 mM of methionine and incubated
for 72 h [20]. Another six SMC:s plated wells were incubated
without methionine and used as control. The cell proliferation
rate was then performed on 100 uL cell suspension in the
presence of trypan blue by counting in Malassez chamber.

Morphometric analyses of heart and aorta. The morpho-
metric study of the organ’s structure was performed, using
a Zeiss-type micrometer. For each of the parameters studied,
we carried out 50 measurements on different fields of several
histological sections, corresponding to the different control
and treated animals. The microphotographs were made with
Zeiss Primo Star type photomicroscope.

In the heart, we determined the thickness of the endocardi-
um, myocardium, and pericardium. In the aorta, we meas-
ured thickness (arterial wall, intima, media, adventitia, and
interlamellar spaces), number of elastic laminae, number of
SMCs nuclei, and the dimensions of SMCs nuclei (length of
their major and minor axes).

Morphometry of cultured aortic smooth muscle cells. To
analyze the effect of methionine on SMCs (7" passage), the
cells were plated in 6-well plates at 0.8 x 10° cells/mL/well
in the presence of methionine (50 mM) for 72 h. After this
period the milieu was removed, and the cells were washed
once in phosphate-buffered saline (PBS) and fixed in Bouin’s
fixative for 30 min. After rinsing with PBS and ethanol
(96%), the cells were stained for 10 min with a solution of
Giemsa (1% in methanol) and May Grunwald (0.7g/L) (V/V,
1:1) stains, diluted to 1/3 in distilled water. The excess of
stain was removed by washing with PBS.

In order to assess the phenotypic state of SMCs (synthetic
and contractile) subjected to methionine, we carried out
25 measurements concerning certain cellular and nuclear
parameters, namely, cellular major axis, major and small
nuclear axes, number of nucleoli in each nucleus and nuclear
major axis/cellular major axis ratio of SMCs. Each parameter
was measured in different fields of view and in several wells.

Statistical analysis. Quantitative results were analyzed by
GraphPad Prism 8.0 software (GraphPad Inc., San Diego,
CA, USA). The values were expressed as a mean and
mean’s standard error (SEM). The Mann-Whitney test was
used to evaluate the difference between the parameters
of control and treated animals. Student’s t-paired test was
used for SMCs culture study. When the values of P were
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lower than 0.05, the difference was considered statistically
significant.

Results

Chronic methionine administration induced hy-
perhomocysteinemia in Psammomys obesus
We first sought to determine whether daily methio-
nine treatment over 6 months induced Hhcy in Psam-
momys obesus. The Hey concentration was measured,
using chemiluminescent microparticle immunoassay,
at day 1 before any injection of methionine to deter-
mine the baseline value of homocysteinemia of Psam-
momys obesus and 6 months later at the end of the
experiment to assess the final homocysteinemia state.
A daily intraperitoneal injection of 70 mg/kg of
methionine induced a large and significant increase
0f 529.93% (P < 0.001) in plasma homocysteinemia
after 6 months. From 3.24 * 0.84 umol/L at day 1,
homocysteinemia raised to 20.41 = 5.39 umol/L which
is considered being a moderate range of Hhey (Fig. 1).

Methionine-mediated hyperhomocysteinemia
induced an increase of atherogenic lipoproteins

in plasma of Psamomomys obesus

Atherosclerosis is among the most prevalent cardio-
vascular pathologies, which is related to lipid deposits
in the wall of arteries. We next investigated the effect
on atherosclerosis plasma markers and risk factors of
methionine-mediated Hhcy at 6 months. Methionine
treatment induced a significant increase in plasma
glucose and uric acid concentrations (increases of
32.78% and 105.6%, respectively) (Table 1). The
treatment with methionine also induced a large
increase in triglyceridemia (307.36%; P < 0.001),
whereas the increase in cholesterolemia by 45.37%
was not significant (Table 1). The methionine treat-
ment induced a decrease in the HDL-lipoproteins

Fouzia Zerrouk ef al.

Figure 1. Plasma homocysteine concentrations in the control
and methionine-administered (Met) female sand rats, after
6 months of the experiment’s duration. Data are presented
as mean * SD ***statistically significant differences between
the control (n = 5) and methionine (n = 5) group, P < 0.001

level (70.4%; P < 0.01) and a tendency to an increase
in the atherogenic lipoproteins LDL-VLDL plasma
concentration (35.1%; P > 0.05) (Table 1). Moreover,
we detected the presence of lipoprotein (a), a highly
atherogenic LDL. Methionine-induced Hhey was also
accompanied by a decrease in bodyweight (Table 1).

Histological alterations of organ structure induced
by methionine-mediated hyperhomocysteinemia

The heart

The methionine-mediated Hhcy resulted in the
significant thickening of Psammomys obesus heart’s
endocardium, myocardium, and pericardium
(Table 2 and Figs. 2C, E, F, K).

Table 1. Evolution of body weight and biochemical plasma parameters in control and methionine-treated sand rats

Parameters Time 0 values After 6 months of methionine (Met) administration at a dose of
70 mg/kg/day
Control group Met group
(n=5) (n=35)

Body weight (g) 94.75 + 18.58 105.5 = 3.97 88.63 + 5.94*
Glycemia (mg/dL) 77.14 £ 11.77 48.42 + 9.37 102.43 + 29.62*
Triglyceridemia (mg/dL) 48.05 = 19.41 549 + 3222 195.74 £ 90.82%**
Cholesterolemia (mg/dL) 49.67 = 7.47 522+ 1771 72.21 = 47.02
HDL (mg/dL) 59.2+7.2 17.54 + 19.45%*
LDL-VLDL (mg/dL) 5027 7.2 67.92 +31.33
Lipoprotein (a) (mg/dL) Not detectable 14.58 £ 15.33
Proteinemia (mg/dL) 64.37 = 19.08 48.8 = 2.59 73.4 £ 9.82
Uric acid (mg/dL) 6.6 = 2.19 5.84 = 2.06 13.57 £ 4.8%**

Data are presented as mean * SD. * ** *** statistically significant differences between the control and methionine group, P < 0.05, P < 0.01
and P < 0.001, respectively. Plasma levels of HDL, LDL-VLDL and Lp (a) were not measured at time 0.
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Table 2. Morphometric parameters of the heart wall layers in control and methionine-treated (Met) sand rats

Morphometric parameters Control group Met group
Endocardium thickness (um) 1.16 = 0.40 4.05 + 1.59%%%*
Myocardium thickness (m) 1468.89 = 360.95 2298.22 £ 306.07%***
Pericardium thickness (um) 3.54+£1.97 38.73 £26.95%%**

Data are presented as mean * SD. ****statistically significant differences between the control and Met- group after 6 months of the experiment’s

duration; P < 0.0001 (n = 5; 6 sections per animal).

However, while the increase in endocardium and
myocardium thickness was associated with an accu-
mulation of connective tissue components (Figs. 2C,
H, 1), the increase in epicardium thickness seems
to be secondary to an edema formation (Fig. 2K).
Moreover, the endocardium exhibited endothelial
cells hypertrophy and microthrombi on the luminal
surface (Fig. 2B). The myocardium layer appeared
disorganized with enlarged intercellular spaces with
a cellular infiltration between the cardiomyocytes’
fibers (Fig. 2F) and some cardiomyocytes exhibiting
a pyknotic nucleus (Fig. 2E).

The aorta
Similarly, to the observations in the cardiac tissue, the
methionine-mediated Hhcey caused significant alter-
ations in the three layers of the aortic wall (intima,
media, and adventitia) at both cellular and matrix
levels. The thickness of the aortic wall increased signif-
icantly in the methionine-treated animals compared to
the control group with an intima increase of 34.74%
(P < 0.001) (Table 3). In addition, methionine
treatment-induced microthrombi formation on the
luminal surface (Fig. 3B), endothelial cell hypertrophy
(Fig. 3B), stronger staining of the internal elastic
lamina (Figs. 3C1, C2), and the remodeling of the ex-
tracellular matrix of the aortic wall (Figs. 3D, E, F, H).
The media layer of the aorta of methionine-treat-
ed animals presented thinner elastic laminas with
a much less “wavy aspect” and focal ruptures (Figs.
3D, E). Moreover, collagen accumulated both at the
periphery of the elastic lamina and in the interlamellar
spaces (Figs. 3E, F) resulting in a significant increase
in these spaces (23.84%, P < 0.01). Interestingly, the
SMCs of methionine-treated animals exhibited two
different phenotypes: proliferative SMCs (Fig. 3G)
and reoriented SMCs (Fig. 3F) with a significant de-
crease in the major axis compared to the control group
(Table 3). Methionine-induced Hhcey in Psammomys
obesus also led to aneurysms’ formation that was
marked by large fibrosis in the media and adventitia
which increased their thickness (Fig. 3H).

The liver

Similarly to cardiovascular structural alterations
observed in methionine-treated animals, the liver’s
structure showed deep alterations characterized by
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the presence of hepatocytes with pycnotic nuclei
(Fig. 4F), an accumulation of connective tissue com-
ponents including collagens (Fig. 4C), glycoproteins
(Fig. 4D), and proteoglycans (Fig. 4E) between the
hepatocytes (Fig. 4F) and around the vessels causing
a thickening of their walls and forming perivascular fi-
brosis. In addition to these alterations, methionine-in-
duced Hhcy resulted in a true hepatic steatosis state
(Fig. 4F, G) with the majority of the hepatocytes
stuffed with lipids droplets (Fig. 4H) giving the liver
a spongy aspect, light in color compared to the brown
shade of a normal liver.

Effects of methionine on cultured aortic smooth
muscle cells

After 72 h of incubation with methionine (50 mM),
the SMCs primary cultures exhibited the two
phenotypes: fusiform contractile quiescent SMCs
(Fig. 5C) and polygonal synthetic proliferative state
(Fig. 5D). However, the quantification of the prolif-
eration rate of SMCs showed no significant increase
in the proliferation of the cells after methionine treat-
ment compared to control cells (Fig. SE; Table 4) while
the assessment of the total protein in the extracellular
compartment was significantly increased after me-
thionine treatment suggesting an increase in protein
secretion by SMCs (0.13 = 0.02vs. 0.07 = 0.01 wg/mL,
P < 0.001) (Fig. 5F).

In addition, the SMCs of the two subpopulations
became significantly larger after 72 h of methionine
treatment, by 44.72% (P < 0.0001) in contractile
SMC:s (Fig. 5C), and 18.12% (P < 0.001) in synthetic
SMC:s (Fig. 5D; Table 4). The SMCs nuclei also sig-
nificantly increased in size, by 22.98% (P < 0.0001)
in contractile SMCs and 16.11% (P < 0.0001) in syn-
thetic SMCs (Table 4). In addition to the bigger size,
the nuclei of the synthetic SMCs showed an increased
number of nucleoli compared to corresponding con-
trols (3.4 = 0.97 vs. 2.92 = 0.67, P < 0.01) (Table 4).

Discussion
Red meat, a component of the routine diet, contains

high methionine level which is absorbed very efficient-
ly and enters the plasma until removed and metabo-
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Figure 2. Heart morphology of the control (A, D, G, J) and methionine-administered (Met) female sand rats (B, E, F, H,
I, K), after 6 months of the experiment’s duration; A. Endocardium of control sand rat; B. Endocardium of rat from Met
group: hypertrophy of endothelial cells (red arrow) and microthrombus on the luminal surface; C. Endocardium of rat from
methionine group: deposition of extracellular matrix material (proteoglycans) (black arrow), appearance of a protuberance
on the luminal side (orange arrow); D, G. Myocardium of control rat: cardiomyocytes surrounded by weakly vascularized
connective tissue composed of a few collagen fibers and many cardiac fibroblasts; E. Myocardium of methionine group:
a jagged shape of cardiomyocytes’ nuclei with dense chromatin (black arrows); F. Myocardium of methionine-treated
group; an enlargement of the intercellular spaces (red arrow), cellular infiltration between the cardiomyocytic trabeculae
(blue circle); H, I. Myocardium of methionine group; interstitial and perivascular fibrosis; J. Epicardium of control sand
rat: it covers the myocardium on the outside (black arrow); K. Epicardium of methionine group is characterized by a thick-
ening (red arrow) marked by the presence of empty spaces. Abbreviations: L — lumen; eN — endothelial cell nucleus;
My — myocardium; MT — microthrombus; CM — cardiomyocytes; CT — connective tissue; CF — cardiac fibroblasts.
Sections were stained with Masson trichrome except for section C stained with alcian blue. Scale bars: 50 um (A, B, C, D
and E); 20 um (F, G, I, J and K); 5 um (H).
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Morphometric parameters Control group Met group
Wall thickness (wm) 119.8 = 15.95 144.94 = 57.86**
Adventitia thickness (wm) 30.25 = 16.14 43.48 +59.38
Media thickness (um) 87.75 £ 8.43 100.30 = 24.53%**
Intimal thickness (um) 213 £0.58 2.87 + 1.25%%*
Interlamellar space thickness (um) 7.55£2.97 9.35 £3.77 **
Major axis of SMCs (um) 8.03 +2.80 6.58 + 2.14%**
Small axis of SMCs (um) 328 +1.15 333+1.12
Number of nuclei of SMCs (per 5625 um?) 11.32+3.29 15.06 = 3.34%***
Number of elastic laminas 7.48 =091 7.34 = 1.04

Data are presented as mean =+ SD. ** *** ****gtatistically significant differences between the control and Met- group after 6 months of the experi-
ment’s duration; P < 0.01, P < 0.001 and P < 0.0001, respectively (n = 5; 10 sections per animal).
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Figure 3. Aorta histology of the control (A) and methionine-administered (Met) female sand rats (B, C, D, E, F, G, H, I), after
6 months of the experiment’s duration; A. Aorta of control sand rat; B. Aorta of Met group; microthrombus and hyperplasia
of endothelial cells (black arrow); C. Increased spaces in the intima probably reflecting local edema (C1) and duplication of
internal elastic lamina (C2); D. Undulation shape loss, thinning of the elastic laminas; E. Breakage of elastic laminas (black
arrow); E, F. Accumulation of collagen (yellow arrow); F. SMCs migration (pink arrow); G. SMCs proliferation (white
arrow); H. Fibrosis in the media and the adventitia, installation of the aneurysm. Abbreviations: L — lumen; I — intima;
En — endothelium; Ile — internal elastic lamina; El — elastic lamina; Ils — inter-lamellar space; SMCs — smooth muscle
cells; Me — media; Eel — external elastic lamina; Ad — adventitia; MT — microthrombus. Sections were stained with
Masson’s trichrome except for section D with PAS staining. Scale bars: 50 um.
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Figure 4. Liver histology of the control (A, B) and methionine- administered female sand rats (C-I), after 6 months of the
experiment’s duration; A. A portal space in the hepatic tissue of control sand rat; B. The hepatic tissue is made up of lobules
with mononuclear and binuclear hepatocytes; C. Accumulation of perivascular connective tissue in the liver of methionine
group; D. Accumulation of glycoproteins; E. Accumulation of proteoglycans; F. Installation of interstitial fibrosis and vacu-
olation of the cytoplasm (*); presence of hepatocytes with pyknotic nuclei; G. Installation of hepatic steatosis (black arrow);
H. Lipid deposition (black arrow). Abbreviations: He — hepatocyte; PV — portal vein; BD — bile duct; CT — connective
tissue; SC — sinusoid capillaries; mH — mononuclei hepatocyte; bH — binucleated hepatocyte; CLV — sublobular vein;
HA — hepatic artery; GP — glycoproteins; PG — proteoglycans; PN — pyknotic nuclei; FR — fibrosis. Stainings: A, B, C
and F: Masson’s trichrome method; D and G: PAS; E: alcian blue; H: Sudan Black. Scale bars: 20 um (A, C, D, E and G);
50 um (B, F and H).
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Figure 5. Psammomys obesus aortic smooth muscle cells (SMCs) of control group (A, B) and SMCs treated with 50 mM
methionine (C, D) for 72 hours; A. Contractile SMCs of control group; B. Synthetic SMCs of control group; C. Contractile
SMC:s of Met-group; D. Synthetic SMCs of Met-group; E. Proliferation SMCs Met-group vs control group; F. Total protein
(ug/108 cells) in the extracellular compartment of SMCs Met-group vs control group. Data are presented as mean * SD;
#** statistically significant differences between the control and Methionine group; P < 0.001.

Table 4. Morphometric study of the cultured aortic smooth muscle cells (SMCs) of contractile and synthetic phenotypes,

in control cells and methionine-treated cells

Contractile SMCs Synthetic SMCs
Morphometric parameters Control group Methionine group Control group Methionine group
Cellular major axis (um) 72.18 £ 15.82 104.46 = 29.08**** 46.02 = 9.10 54.36 * 12.74%**
Nuclear major axis (um) 15.66 = 2.66 19.26 = 3.98%*** 14.52 = 2.02 16.86 & 2.9%***
Nuclear small axis (wm) 7.62 + 1.51 9.87 & 2.57%*** 12.72 = 1.55 13.59 = 2.09*
Nuclear axis/cellular axis 0.22 = 0.05 0.19 = 0.05%** 0.33 £ 0.07 0.32 = 0.08
Number of nucleoli 2.56 = 0.97 2.64 = 0.90 2.92 + 0.67 3.4 097

Data are presented as mean = SD. * ** *** ***¥statistically significant differences at the same time between the control and methionine-treated
cells at 50 mM for 72 h; P < 0.05, P < 0.01, P < 0.001 and P < 0.0001, respectively (n = 2; 6 sections per animal).

lized by the different tissues [3]. Since the cardiovascu-
lar disease increases in the population with high meat
intake, the question is raised whether methionine
directly or through its metabolites is implicated in
the pathophysiology of cardiovascular diseases. For
instance, given that methionine is a donor of methyl
groups, it has been shown that excess of methionine
in diet content alters the DNA methylation levels thus
altering the gene expression [22]. More importantly,
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the accumulation of Hcy, a methionine-derived me-
tabolite, causing Hhcy has been demonstrated to be
a cardiovascular disease risk [3, 23].

Numerous experimental data have indicated that
Hhcy can result from either Hey [24, 25] or methionine
supplementation [26, 27]. In our model, we aimed
to induce chronic moderate hyperhomocysteinemia
with a daily methionine intraperitoneal injection at
a dose of 70 mg/kg in Psammomys obesus for 6 months.
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The treatment induced a moderate-level Hhcey
(20.41 = 5.39 umol/L) considering the values reported
in human plasma that ranges from 12 to 30 umol/L [2].
However, to induce a moderate Hhcy in humans, only
a single oral high dose of methionine was necessary
(0.1 g/kg) [28]. Our result is in agreement with those
reported by many previous studies that showed a me-
thionine-enriched diet to induce a moderate Hhcy in
different animal models (pig, gerbil, and rat) [27, 29,
30]. In the rat, a species known to be athero-resistant
administration of a high dose of methionine (200 mg/
kg) for a long period (6 months) is necessary to in-
duce Hhey [31, 32]. In our laboratory, a study pub-
lished in 2019, reported for the first time a moderate
Hhcy in Psammomys obesus; however, the Hhcy was
induced by a high dose of methionine (300 mg/kg)
administered for 4 weeks [13]. Our current model,
in contrast to the previous models using a high dose
of methionine for a short period of time, shows that
administration of a low dose of methionine for a long
time is sufficient to induce Hhcy in Psammomys obe-
sus and thus better reproduces the slow progressive
disease occurrence in human pathology.

We first investigated the body weight of the animal
every month during the 6 months of methionine ad-
ministration and reported a significant decrease from
the 2nd month to the end of the experiment. Similar
results were reported by Ghoul and Zhou in rats and
mice respectively [32, 33]. However, the bodyweight
seems to be not always affected in rats and gerbils by
methionine-induced Hhey [26, 30, 31] and it is plausi-
ble that the variations in the dose of methionine and
duration of its administration may play a role.

In our model, the methionine-induced Hhcy was
associated with significant hyperglycemia increased
uric acid concentration, and dyslipidemia all of which
parameters are included in human metabolic syn-
drome phenotype and implicated in cardiovascular
disease pathophysiology. Some of these alterations in-
cluding hyperglycemia and uric acid increase were not
observed in previous models [13, 29, 31]. Moreover,
we found that a significant increase in triglyceridemia
in the methionine-mediated Hhcy animals was associ-
ated with a misbalance between a decreased plasma
cardioprotective lipoprotein HDL level and increased
concentration of the plasma atherogenic lipoprotein
LDL-VLDL including the lipoprotein a. Our results
are in agreement with those observed in the well-
known atherosclerosis mouse model ApoE-/- in which
the gene coding the CBS (cystathionine beta-synthase,
the enzyme degrading Hcy) was also inactivated to
induce Hhcey [34]. The presence in the blood plasma of
lipoprotein a, considered a cardiovascular disease fac-
tor risk [35], and in methionine-induced Hhey animals
©Polish Society for Histochemistry and Cytochemistry
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further confirms the relevance of our model to assess
cardiovascular diseases pathophysiology mechanisms
such as oxidative stress [36] and inflammation [37]
and the efficiency of new therapies directed against
homocysteinemia. This therapeutic target is under-
lined by findings that revealed that plasma Hcy level
positively correlated with remodeling of extracellular
matrix (ECM) of several tissues, including the heart,
aorta, and liver [38, 39].

The structural alterations in the heart, aorta, and
liver in Psammomys obesus animals administrated
with 70 mg/kg of methionine for 6 months further
characterized the atherosclerosis phenotype induced
by Met-mediated Hhcy. Indeed, methionine-induced
Hhcy exerted angiotoxic effects on the heart and aorta
characterized by the presence of microthrombi, ather-
omatous plaques, interstitial and perivascular fibrosis
in addition to deep alterations in the myocardium and
liver steatosis. Similar alterations were previously ob-
served after methionine treatment in different animal
models including Psammomys obesus; however, the
doses of methionine were 2.5 to 4 times higher than
in the current study [4, 13, 31, 40, 41]. Moreover, in
the previous study in Psammomys obesus, the high
methionine administration was administrated for
a short period (30 days) reproducing an acute Hhcy
and its subsequent effects [13].

Interestingly, our current study showed that the
interstitial and the perivascular fibrosis in the myo-
cardium is due to the accumulation of collagen type
I and type III confirming our previous results [13]
that demonstrated this accumulation was associated
with an imbalance between increased expression
of MMP-9 metalloproteinase and tissue inhibitor
of metalloproteinases 2 (TIMP-2) and decreased
expression of MMP-2 and TIMP-1. Moreover, the
cellular infiltration between the cardiomyocytic
trabeculae suggested the presence of inflammation.
Indeed, we previously showed an increase in plasma
CREP level in Psammomys obesus treated with a high
dose of methionine for one month [13]. This inflam-
matory marker was also reported to be increased in
a dose- and time-dependent manner in rats treated
with methionine [26]. Furthermore, the thickening
of the epicardium in the methionine-mediated Hhcy
Psammomys obesus group suggested either edema or
an accumulation of adipose tissue [42].

The aorta is the main vascular structure after the
heart. Here we show that Met-mediated Hhcy induced
deep alterations of the aorta including intima layer
thickening and hyperplasia of the endothelial cells,
which suggest subsequent vascular dysfunctions.
Indeed, the thickening of the sub-endothelial space
presents a fibrous material rich in collagen indicating
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the formation of young atheromatous plaques while
the observed endothelial lesions and ruptures of elas-
tica interna would increase the intimal permeability
to macromolecules allowing their accumulation in the
intima layer [33]. Previous studies showed these alter-
ations to be associated with an increase in adhesion
molecules expressed in the aorta wall such as ICAM-1,
E-selectin, and P-selectin [42-45]. The increase in
these molecules has been shown to subsequently
induce an increased adhesion of monocytes to aortic
endothelium [43-46].

Consistently with Augier and collaborators’ results
[47] we observed, in the methionine-mediated Hhcy,
a thinning of the aortic media layer together with the
loss of undulation, disorganization, and disruption
of elastic laminas reflecting vascular remodeling and
damage of elastic fibers’ network. Some authors sug-
gested this damage associated with short elastin frag-
ments could result from the increase in elastase-like
activity dependent on metalloproteinases [41, 48].

Importantly, methionine-mediated Hhcy induced
the proliferation and migration of SMCs in some in-
terlamellar space areas with complete disorganization
of the matrix and collagen accumulation. Indeed,
from a quiescent contractile phenotype in control
animals, the SMCs isolated from methionine-treated
animals showed synthetic or proliferative phenotypes.
The transition of SMCs between the two phenotypes
was shown to be associated with human atheroscle-
rosis pathology [49]. Moreover, previous in vivo and
in vitro studies have shown methionine or Hcy
treatment to induce SMCs proliferation and migra-
tion, partially due to p38 activation or increased ex-
pression of cyclin DI and cyclin A mRNA transcripts
[25, 50-52].

In the aortal adventitia, we noticed a matrix very
rich in collagen probably synthesized by fibroblasts.
Yao and Sun (2014) demonstrated that incubation of
rat aortic adventitial fibroblasts with Hcy significantly
increased collagen type 1 and AT1R (Angiotensin
II Type 1 Receptor) expression [53], suggesting that
adventitial fibroblasts may play an important role in
the accumulation of the extracellular matrix and vas-
cular adventitial remodeling. Our results also showed
an association between increased levels of Hey and
the occurrence of an aneurysm. According to Liu
et al. (2012), Hhey induces abdominal aortic aneurysm
formation in mice via activation of the adventitial
fibroblast NADPH oxidase 4 [54].

Hhcy is well known as an independent risk factor
for cardiovascular disease [8, 55], and has been pro-
posed to be a potential risk factor for nonalcoholic
fatty liver disease [5, 56]. Hepatic steatosis is due to

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2022
10.5603/FHC.a2022.0013

ISSN 0239-8508, e-ISSN 1897-5631

121

increased lipids’ uptake, biosynthesis, or impaired
lipids export in addition to fatty acids oxidation in
mitochondria. Interestingly, our study showed methi-
onine-mediated Hhcy to induce deep hepatic steatosis
with the majority of hepatocytes packed with lipid
droplets and adipose tissue accumulation in intersti-
tial and perivascular spaces. In agreement with our
results, Ai ef al. (2017) demonstrated, that 16 weeks
of high methionine diet feeding (2% of methionine)
in C57BL/6] mice, increased plasma Hcy level and
induced hepatic steatosis [57]. The same results were
observed in rats administrated high methionine diet
(500 mg/kg/day) for three months [4]. In addition to
lipids accumulation, the pathogenesis of liver diseases
in the case of hyperhomocysteinemia could be due to
the excessive generation of reactive oxygen species
[58,59]. Indeed, some studies on rat liver have shown
that a methionine-rich diet increases hepatic lipid
peroxidation [60, 61], and decreases the antioxidant
activity [62].

In summary, we found that prolonged methionine
administration in Psammomys obesus induced hyper-
homocysteinemia associated with an atherosclerosis
phenotype including the typical alterations observed
in the heart, aorta, and liver. Therefore, we suggest
that our experimental model could be used for better
understanding atherosclerosis pathomechanisms and
also for testing anti-atherosclerotic therapies.
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