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INTRODUCTION 
Atherosclerosis (AS) and related cardiovascular 
diseases are the most common causes of mortality 
worldwide (1,2). Before clinical findings, changes 

such as endothelial dysfunction (ED) and increased 
vascular intima-media thickness (IMT) occur in the 
vascular wall (3). Therefore, in addition to invasive 
methods such as coronary artery angiography, 

ABSTRACT 
Purpose: Atherosclerosis (AS) related diseases are the most common causes of mortality worldwide. N-Nitro-L-
Arginine Methyl Ester Hydrochloride (L-NAME)-induced endothelial dysfunction (ED) and AS models require invasive 
methods for diagnosis. We aimed to establish noninvasive ultrasonography (USG) model for evaluating ED and AS 
in rats.  
Material and Methods: 23 Wistar Albino rats were divided into four groups. Right CCA (rCCA), left CCA (lCCA), 
abdominal aorta (AA), and right iliac artery (rIA) IMT values of all rats were measured at the beginning of the 
experiment and before sacrification by USG. Right kidney RI values were calculated at similar times also. 
Histopathological and immunohistochemical analyzes were performed. In the sham group, rats received 
intraperitoneally (IP) sodium chloride. In the L-NAME groups, IP L-NAME was administered. 
Results: In the early effect group, significant increase was found in IMT measurements compared to the sham group. 
In the late effect group, significant increase was found in IMT measurements compared to the sham group. In addition, 
rRI increased significantly in the group at the end of the experiment.  
Conclusion: In small animal experiments which ED and AS were studied, a whole-body diagnostic noninvasive model 
was created for the first time with ultrasonography. 
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intravascular ultrasonography (USG), and optical 
coherence tomography, many noninvasive imaging 
methods such as common carotid artery (CCA) USG, 
computed tomography, magnetic resonance imaging, 
and scintigraphy are used in the diagnosis of AS (4). 
ED detected in peripheral arteries significantly 
correlates with coronary artery ED and 
angiographically proven coronary artery disease (5-
7). In addition, patients with ED who do not have 
coronary artery disease angiographically have an 
increased risk of myocardial infarction, coronary 
revascularization, and cardiac death (8,9). Diagnosis 
of ED means detection of vascular disease in the 
asymptomatic stage. Therefore, it is an important 
marker for planning medical and invasive treatments 
(10). An increase in IMT in the coronary and 
peripheral artery walls have been found in adults and 
children with ED (11). In addition, many studies have 
shown that the increase in IMT is an excellent marker 
in diagnosing early-stage AS (12). For these reasons, 
carotid IMT increase is the most frequently used 
imaging method in daily routine in detecting AS in 
coronary arteries. 
Mice, rats, hamsters, guinea pigs, and rabbits are 
frequently used in experimental ED and AS models 
(13). Rats are one of the most used species in these 
models. The rat ED model created with N-Nitro-L-
Arginine Methyl Ester Hydrochloride is the preferred 
method in these studies (14,15). These N-Nitro-L-
Arginine Methyl Ester Hydrochloride-induced ED 
models require invasive methods such as urine 
collection, blood collection, angiography, and 
sacrification for diagnosis. Noninvasive approaches 
such as flow-mediated dilatation (FMD) and IMT 
measurement are also available to evaluate ED in 

addition to these methods. FMD has limitations such 
as being dependent on user experience, requiring 
additional devices, and not being practical for daily 
routine. Also, it requires a prolonged period to 
perform the investigation. 
On the other hand, IMT measurement is very 
practical, easy, and fast (16). The CCA and 
abdominal aorta (AA) are frequently used anatomical 
regions for IMT measurement. In the literature, IMT 
measurement in N-Nitro-L-Arginine Methyl Ester 
Hydrochloride-induced rat ED model has been 
defined in many anatomical areas of many studies 
(17,18). But no study performs IMT measurement 
without an invasive correlation method. 
NO reduces renal vascular resistance. Renal resistive 
index (rRI) and cardiovascular diseases increase in 
hypertensive patients (19). Renal atherosclerosis and 
renal function correlate with rRI (20, 21, 22). No study 
focused on specific organ imaging for early detection 
of ED in N-Nitro-L-Arginine Methyl Ester 
Hydrochloride-induced rat models. This brings us to 
the following two questions; can IMT measurement 
be enough and accurate to show ED alone? What 
else can we evaluate with ultrasound to detect ED in 
N-Nitro-L-Arginine Methyl Ester Hydrochloride-
induced rat models? In our study, we aimed to 
establish a noninvasive standard and practical USG 
model for evaluating ED in the N-Nitro-L-Arginine 
Methyl Ester Hydrochloride-induced endothelial 
dysfunction rat model. 
 
MATERIAL AND METHODS 
The Dokuz Eylul University Animal Care and Use 
Ethical Committee approved all animal protocols 
(Date: 14.07.2018. Number: 37 / 2018). ARRIVE 

Table 1. Study groups and the procedures 
 Day 0 Day 1-7 Day 10 Day 28 

Control (n=3) USG + Blood 
Samples + 

Sacrification 

   

Sham (n=6) USG + Blood 
Samples 

2x1 IP SF Follow up USG + Blood 
Samples + 

Sacrification 
EE (n=7) USG + Blood 

Samples 
2x1 IP 

L-NAME 
USG + Blood 
Samples + 

Sacrification 

 

LE (n=7) USG + Blood 
Samples 

2x1 IP 
L-NAME 

Follow up USG + Blood 
Samples + 

Sacrification 
USG: Ultrasound, IP: Intraperitonealy, SF: Isotonic saline, L-NAME: N-Nitro-L-Arginine Methyl Ester Hydrochloride, EE: 
Early effect, LE: Late effect 
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guidelines have been followed in this study. Using the 
Mann-Whitney U test, the minimum sample size was 
found to be twenty-one with a margin of error of 0.05 
and a power of 0.80 and an effect size of 0.80. 
Four to five weeks old 23 Wistar Albino female rats 
(300-350 g) were divided into four groups (control, 
sham, N-Nitro-L-Arginine Methyl Ester Hydrochloride 
early effect (EE), N-Nitro-L-Arginine Methyl Ester 
Hydrochloride late effect (LE)). Right CCA (rCCA), left 
CCA (lCCA), AA, and right iliac artery (rIA) IMT values 
of all rats were measured at the beginning of the 
experiment and before sacrification by USG. In 
addition, histopathological (HP) and 
immunohistochemical (IHC) analyzes were 
performed on similar vessels and blood samples. 
Right kidney RI (rRI) values were calculated at similar 
times by USG also. All these procedures are shown 
in the table 1. 
Three rats in the control group were used to evaluate 
the normal values of tissue thicknesses and organ 
measurements in the experiment. The rats in this 
group were sacrificed after USG measurements and 
tissue, and blood samples were collected. Sham 
group was created to compensate for stress variables 
such as aging and intraperitoneally (IP) injection in 
the experiments. In the sham group, six rats received 
IP 0.5mL of 0.09% sodium chloride (SC) twice a day 
for one week. After USG measurements, rats were 
sacrificed, and tissue and blood samples were 
collected on the 28th day.  
The EE and LE groups had seven rats each. In these 
N-Nitro-L-Arginine Methyl Ester Hydrochloride-
induced groups, IP 0.5mL 185 µMol/kg N-Nitro-L-

Arginine Methyl Ester Hydrochloride was 
administered twice a day for a week. After the USG 
measurements, seven rats on the 10th day and the 
other seven on the 28th day of the experiment were 
sacrificed. In addition, tissue and blood samples were 
collected for HP and IHC analyzes.  
General anesthesia with sevoflurane was applied with 
a sevoflurane vaporizer. Throughout the 
measurement procedures, the anesthesiologist 
adjusted the anesthetic agent levels if needed. The 
rats to be sacrificed after the measurement procedure 
was euthanized by sevoflurane inhalation anesthesia. 
 
Ultrasound Measurements 
All ultrasonography evaluations were performed with 
Visual Sonics Vevo 2100 ultra-high frequency, high 
resolution, USG system designed for small animal 
studies (Fujifilm Visual Sonics, Inc. Toronto, Canada). 
All USG evaluations were performed by the MS550 
(22-55 MHz) high-frequency linear probe. After 
selecting this probe, 'carotid' presets for CCA, AA, 
and IA, and 'general imaging' presets for kidneys 
were selected. In addition, the' med flow' preset was 
chosen for kidney Doppler and spectral USG 
examinations, which is automatically suggested by 
the device. 
Sevoflurane anesthetized rats were placed supine on 
the Vevo Imaging Station's small animal table for 
evaluation. The subjects' limbs were fixed to the 
appropriate places on the table where the sensors 
were on the table, and maintenance anesthesia was 
continued. A rectal thermometer was placed in rats, 

 
Figure 1. Ultrasonographic intima-media layers, measurement of these layers and renal resistive index 
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and the vital signs such as body temperature, 
respiration, and heart rate were monitored. Thanks to 
the fixation and attachment of the sensors, it was 
ensured that electrocardiography was recorded 
simultaneously with USG images. After the depilatory 
cream was applied to the abdomen and neck, rat 
hairs were cleaned, and USG measurements were 
started. 

rCCA, lCCA, AA, rIA, and kidney tissues were 
scanned manually. The probe is positioned parallel to 
the long axis of the vessels. The vessel wall consists 
of three different echogenic surfaces. The first 
echogenic line between the vessel lumen and the 
vessel wall is the lumen-intima surface; the line 
between the hypoechogenic media and 
hyperechogenic adventitia layers was accepted as 

Table 2. Ultrasonographic and histopathological intima-media hickness and renal RI 
ULTRASONOGRAPHIC INTIMA-MEDIA THICKNESS and RENAL RI 

 Control Sham Early Effect Late Effect 
Median (Min-Max) Median (Min-Max) Median (Min-Max) Median (Min-Max) 

Right CCA 
First Day 

(mm) 

0,062  
(0,056-0,063) 

0,062  
(0,058-0,067) 

0,057  
(0,055-0,061) 

0,060  
(0,055-0,062) 

Right CCA 
Last Day 

(mm) 

- 0,062  
(0,055-0,066) 

0,072  
(0,069-0,072) 

0,082  
(0,075-0,090) 

Left CCA 
First Day 

(mm) 

0,060  
(0,060-0,062) 

0,062  
(0,055-0,062) 

0,060  
(0,057-0,062) 

0,062  
(0,055-0,067) 

Left CCA 
Last Day 

(mm) 

- 0,062  
(0,058-0,062) 

0,070  
(0,066-0,073) 

0,082  
(0,075-0,083) 

AA First 
Day (mm) 

 

0,082  
(0,080-0,083) 

0,075  
(0,070-0,078) 

0,075  
(0,068-0,079) 

0,069  
(0,063-0,075) 

AA Last 
Day (mm) 

 

- 0,079  
(0,075-0,083) 

0,090  
(0,077-0,098) 

0,098  
(0,085-0,110) 

IA First Day 
(mm) 

 

0,075  
(0,071-0,080) 

0,069  
(0,067-0,076) 

0,070  
(0,062-0,076) 

0,063  
(0,055-0,070) 

IA Last Day 
(mm) 

- 0,070  
(0,064-0,075) 

0,083  
(0,070-0,092) 

0,090  
(0,082-0,096) 

Renal RI 
First Day 

 

0,54 (0,54-0,057) 0,54 (0,43-0,58) 0,52 (0,44-0,57) 0,53 (0,47-0,55) 

Renal RI 
Last Day 

 

- 0,53 (0,43-0,60) 0,50 (0,45-0,55) 0,58 (0,50-0,64) 

HISTOPATHOLOGICAL INTIMATE-MEDIA THICKNESS 
 Control Sham Early Effect Late Effect 

Median (Min-Max) Median (Min-Max) Median (Min-Max) Median (Min-Max) 
Right CCA 

(mm) 
0,044 (0,039-0,045) 0,049 (0,043-0,057) 0,056 (0,051-0,064) 0,059 (0,052-0,084) 

Left CCA 
(mm) 

0,037 (0,027-0,049) 0,045 (0,034-0,052) 0,057 (0,054-0,067) 0,053 (0,051-0,078) 

AA (mm) 
 

0,079 (0,065-0,082) 0,071 (0,068-0,087) 0,094 (0,074-0,105) 0,095 (0,083-0,128) 

IA (mm) 
 

0,065 (0,061-0,077) 0,058 (0,046-0,083) 0,085 (0,080-0,100) 0,088 (0,072-0,097) 

RI: Resistive index, AA: Abdominal aorta, IA: Iliac artery 
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the media-adventitia surface, and the measurement 
was made between these two surfaces (Figure 1). 
Ideally, for IMT measurements, images with the 
clearest view of the posterior wall of the artery were 
taken at the first millimeter (mm) before branching in 
CCA; first mm in the caudally from the exit of renal 
vessels in AA; and at the first mm level before 
branching in IA. In these localizations, if the best 
image could not be obtained due to inappropriate 
images containing artifacts or anatomical differences 
from rats, images were recorded from the region 
closest to the ideal area. The high-frequency probe is 
fixed with the help of the Vevo Imaging Station. 
Images were taken from the intrarenal level in the 
right kidney spectral measurements, preferably from 
the interlobar arteries. At least two series of images 
were taken from the defined regions. All video images 
were recorded for measurements. Three 
measurements were made from each series, and the 
average value of these three measurements was 
accepted as IMT and RI. Two radiologists 
(Practitioner 1 and Practitioner 2, respectively) 
performed all measurements with eight and three 
years of experience in laboratory animal imaging. To 
determine the reliability of the measurements among 
the practitioners, the end-of-experiment USG images 
of the sham and LE groups were measured and 
recorded separately by both practitioners at two 
weeks intervals. Interobserver reliability was 
evaluated statistically. 
 
Histopathologic Measurements 
To confirm ED, endothelial nitric oxide synthase 
(eNOS), asymmetric dimethyl arginine (ADMA), and 
vascular endothelial growth factor (VEGF) levels 
were measured in plasma samples at the beginning 
and the end of the experiment. eNOS and endothelin 
1 (ET1) levels were measured at the end of the 
experiment in rCCA, lCCA, AA, and rIA tissues to 
confirm the development of ED. Also, HP IMT 
measurements were performed at the end of the 
experiments for verification. All these measurements 
were made by a single pathologist with 8 years of 
experience in the field. The median value was found 
after each measurement was made at least three 
times. 
 
Statistical Analysis 
Data were analyzed using SPSS 22 (SPSS Inc., 
Chicago, IL, USA) program. First, the Shapiro Wilks 
test was used to determine the appropriateness of the 

variables to the normal distribution. Next, Spearman's 
Rho test was used to correlate USG values within the 
groups at the beginning of the experiment. Finally, 
Nonparametric Kruskal Wallis and Mann Whitney U 
tests were used to determining a significant difference 
between the USG and HP measurements in these 
four groups. P-value <0.05 was considered 
statistically significant. 
For interobserver reliability, the intraclass correlation 
coefficient (Intraclass Correlation Coefficient) test 
was used. The intraclass correlation coefficient is 
divided into five groups. These groups were accepted 
as 0-0.2 poor, 0.21-0.4 average, 0.41-0.6 fair, 0.61-
0.8 good and 0.81-1 excellent (23). 
 
RESULTS 
The inter-observer correlation was 0.99 (Intraclass 
Correlation Coefficient test). 
 
Ultrasound Measurements 
IMT measurements of right CCA left CCA, AA, IA, and 
right kidney RI measurements are given in the Table 
2. 
End of the experiment in the EE group, statistically 
significant increase was found in the USG 
measurements of rCCA, lCCA, AA and IA IMT (p = 
0.001, p = 0.001, p = 0.018, p = 0.008, respectively), 
compared to the sham group.  
End of the experiment in the LE group, a statistically 
significant increase was found in IMT measurements 
performed by USG in the rCCA, lCCA, AA, and IA 
(p=0,001, p=0,001, p=0,003, p=0,001, respectively), 
in comparison to the sham group. In addition to these 
findings, rRI increased significantly in the LE group at 
the end of the experiment (p = 0.038).  
 
Histopathological Measurements 
In EE group, HP evaluation of IMT in the rCCA, lCCA, 
AA and IA also showed statistically significant 
increase, compared to the sham group (p=0,035, 
p=0,001, p=0,014, p=0,008, respectively).  
In the LE group, statistically significant increase was 
found in the rCCA, lCCA, AA and IA IMT 
measurements performed by HP, compared to the 
sham group (p=0,008, p=0,005, p=0,005, p=0,008, 
respectively).  
There was no statistically significant increase or 
decrease in serum eNOS, ADMA, VEGF levels, and 
tissue eNOS and ET-1 levels in the EE and LE groups 
at the beginning and end of the experiment (p> 0.05). 
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DISCUSSION 
In this study, we created a full-body, noninvasive 
ultrasonography model for AS and ED experiments in 
rats. Thanks to this new model, anatomical structures 
that can be looked at for various parts of the body in 
rat experiments were defined. 
Demonstration of ED and AS is carried out by the gold 
standard HP and blood and urine analysis methods 
because it is relatively more accessible. However, 
due to the invasive nature of these methods, the use 
of imaging systems is required. Thanks to 
technological advances, the place of ultrasonography 
in small animal experiments are increasing day by 
day. 
The literature on ED and AS has focused either on a 
single tissue (18) or vessels associated with the 
disease of interest (17). The use of arteries in 
different sections in different experiments causes 
failure to create a standard model for the whole body 
in experimental models. Our study has enabled ED to 
be defined by USG more holistically and 
comprehensively by showing ED in vessels of 
different anatomical localization and the right kidney. 
In this way, a model has emerged that can vary 
according to the planned model and can be made 
other provisions. 
The two practitioners who make the measurements 
are quite experienced in IMT measurements in 
experimental animals. Therefore, the inter-observer 
correlation was found to be perfect. The fact that they 
have worked together in previous studies has made 
the method quite standard. The high inter-observer 
correlation shows that the method described, and the 
measurements made are not affected by the 
difference between the observers. 
The fact that the experimental initial USG 
measurements in the sham, EE, and LE groups are 
not different indicates that the rats have similar 
tissues. 
Histopathological measured IMT is less than USG 
measurements. This may be due to the shrinkage of 
surgically removed tissue in the chemical substance, 
as previously described (24). However, even in this 
case, the statistically significant similarities of the 
change between HP and USG measured IMTs show 
how valuable USG measurements are. 
The differences in IMT values of vessels defined in 
EE and LE groups at the end of the experiment, within 
the group, and in the sham group comparisons 
indicate that ED and AS developed due to N-Nitro-L-
Arginine Methyl Ester Hydrochloride. Furthermore, 

the fact that there was no change in sham group 
measurements at the end of the experiment enabled 
us to understand that predicted, and unforeseen 
factors such as aging and injection did not affect the 
experiment. In this way, the N-Nitro-L-Arginine Methyl 
Ester Hydrochloride effect could be demonstrated by 
USG and by HP. 
It is known that the morphological findings that 
develop due to ED increase over time. HP evaluation 
of renal interlobar arteries and mesenteric arteries 
predicts renal damage in hypertensive rats (25). 
Kidney RI measurement successfully shows 
hypertension and "end-organ" damage of AS (26). It 
has been demonstrated that RI values increase in the 
case of kidney damage in rats and that RI 
measurement can be used to diagnose kidney 
function (27). In our study, the increase of this value 
in the LE group indicates the end-organ finding of the 
effects that develop due to ED. We think that the 
change in the RI value of the kidney within the group, 
but not in the EE group, due to the short duration of 
the hypertensive effect and the absence of kidney 
damage that may develop due to this.  
Showing ED by imaging not only in the vascular 
system but also in the kidney RI increases the depth 
of the model. This increase was not statistically 
significant compared to the sham group, and HP 
could not examine the kidney tissue reveals the need 
for more experiments on this subject. There have 
been deficiencies in demonstrating the diagnosis of 
ED with biochemical methods. This situation has 
developed due to the difficulties experienced by the 
relevant laboratory in the supply of personnel and 
materials during the pandemic process. In addition, in 
the parts of the experiment that coincided with the 
pandemic process, it was difficult for the researcher 
to reach the laboratory to apply the biochemical tests, 
and clotting occurred in some blood samples. 
Therefore, biochemical verification of ED and AS has 
not been successful. Nevertheless, the detection of 
USG findings like HP, which is the gold standard 
diagnosis of ED and AS, reveals its importance in 
imaging small animal experiments. 
Our most important limitation is that only one 
pathologist looks at the tissues in our study. Another 
limitation is that kidney tissues were not examined by 
HP. 
 
CONCLUSION 
In small animal experiments where ED and AS were 
studied, an inclusive and whole-body diagnostic 
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noninvasive model was created for the first time with 
ultrasonography. Measurement of renal RI value in 
ED and AS models is a promising new method for 
diagnosis. 
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