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Introduction: The aim of this study was to assess the efficacy of choline and DHA or exposure to environ-
mental enrichment in obese adult and aging rats on alterations in body mass index, serum lipid profile
and arterial wall changes, despite stopping high fat diet consumption and interventions during adult-
hood.
Methods: 21 day old male Sprague Dawley rats were assigned as Experiment-1 & 2 - PND rats were
divided into 4 groups with interventions for 7 months (n = 8/group). NC– Normal control fed normal
chow diet; OB- Obese group, fed high fat diet; OB + CHO + DHA- fed high fat diet and oral supplementa-
tion of choline, DHA. OB + EE- fed high fat diet along with exposure to enriched environment .
Experiment-2 had similar groups and interventions as experiment 1 but for next 5 months were fed nor-
mal chow diet without any interventions. Body mass index was assessed and blood was analyzed for
serum lipid profile. Common Carotid Artery (CCA) was processed for Haematoxylin and eosin, Verhoff
Vangeison stains. Images of tissue sections were analyzed and quantified using image J and tissue quant
software.
Results: In experiment.1, mean body mass index (p < 0.001), serum lipid profile (p < 0.01), thickness of
tunica intima (p < 0.05), tunica media (p < 0.01) and percentage of collagen fibers (p < 0.01) of CCA were
significantly increased in OB compared to NC. These were significantly attenuated in OB + CHO + DHA and
OB + EE compared to OB. In experiment.2, mean body mass index (p < 0.01), serum lipid profile (p < 0.05)
and thickness of tunica media of CCA (p < 0.01) were significantly increased in OB compared to NC. In
OB + CHO + DHA and OB + EE, significant attenuation was observed in mean body mass index and mean
thickness of tunica media compared to same in OB.
Conclusion: Adult obesity has negative impact on body mass index, serum lipid profile and arterial wall
structure that persists through aging. Supplementation of choline and DHA or exposure to enriched envi-
ronment during obesity attenuates these negative impacts through aging.
� 2021 Manipal Academy of Higher Education, Manipal. Published by Elsevier B.V. on behalf of King Saud

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction

In present scenario, prevalence of obesity is increasing at an
alarming rate (KD et al., 2018). According to World Health Organi-
zation (WHO), incidence of childhood obesity has increased to five
fold in 2016 (Sheet, World Health Organization .Fact sheets, 2018).
Obesity during childhood can have a negative impact on health in
adulthood (Llewellyn et al., 2016). One of the main parameters that
gets affected in obesity is body mass index. Increase in body mass
index leads to cardiovascular risks in adulthood. This increase in
body mass index is related to exposure to high fat diet from child-
hood (Katzmarzyk et al., 2019). Altered body mass index due to
high fat diet is also associated with increase in levels of serum
cholesterol, triglyceride, low density lipoprotein and decreased
levels of high density lipoproteins (DiNicolantonio and O’Keefe,
2018). Increase in lipid levels leads to increased cardiovascular
risks. Low density lipoprotein cholesterol (LDL-C) is the predomi-
nant cholesterol-carrying lipoprotein, and is considered to be the
main atherogenic lipoprotein. Along with this, triglycerides and
cholesterol also play a direct role in causing atherogenic changes
(Orozco-Beltran et al., 2017). Fatty streaks deposition is character-
ized by accumulation of non-foamy and foamy macrophages in
arterial wall in later stages. Further, this leads to disturbances in
amino acid and lipid metabolism in hypercholesterolemia (Misra
et al., 2019). An altered lipid profile can cause structural changes
in arterial wall leading to initial stages of atherosclerosis.
Atherosclerosis is a type of arteriosclerosis which mainly affects
the medium sized artery. In atherosclerosis, the tunica media of
the arterial wall shows alterations due to plaque formation reduc-
ing the arterial lumen. Common carotid artery is one of the med-
ium sized arteries frequently involved in changes in wall
thickness due to atherosclerosis further increasing the risks for
development of strokes (Gardener et al., 2014)

Various nutrients are available to reduce the arterial wall
injury. Choline and docosahexaenoic acid (DHA) are essential
nutrients which help in growth and development of cell
membranes. Choline maintains cell membrane integrity, lipid
metabolism and methylation. It also decreases circulating levels
of free fatty acids and triglycerides. Choline also improves lipid
metabolism by decreasing nicotinamide adenine dinucleotide
phosphate (NADPH) generation and improving fatty acid
oxidation (Li et al., 2018). Choline metabolism involves
phosphatidylethanolamine N-methyltransferase (Pemt), which
converts phosphatidylethanolamine to phosphatidylcholine. This
is required for lipoprotein synthesis, and methyl-group metabo-
lism (Al Rajabi et al., 2013). DHA is an omega �3 fatty acid, found
in cell membranes. It helps in reducing total body fat and hepatic
deposition of lipids (Shang et al., 2017). DHA also modulates
inflammatory pathways and it is observed to have anti-
atherogenic properties(Gladine et al., 2014). Synergistic supple-
mentation of choline and DHA is observed to maintain growth
and development (Bernhard et al., 2020).

Alternately, studies have also shown beneficial effects of social
environmental enrichment in modulating physiological and dis-
ease risk and progression. Environment enrichment also maintains
body weight by reducing adipocyte deposition. Long term expo-
sure to environmental enrichment enhances and maintains the
serum leptin levels thus improving lipid metabolism (McMurphy
et al., 2018). Environmental enrichment reduces the incidence of
stroke by its beneficial neurovascular effects preventing carotid
artery stenosis. Continuous exposure to enriched environment
appears as a safe and effective interventional strategy against cere-
brovascular diseases (Hase et al., 2019).

But there are no studies elucidating the efficacy of choline, DHA
supplements or environmental enrichment exposure on high fat
diet-induced obesity during adulthood and old age, in attenuating
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alterations in body mass index, serum lipid profile and carotid
arterial wall structure.

Therefore, the present study aims to assess the long-term
effects of high fat diet-induced obesity during adulthood and old
age, with or without choline and DHA supplements or exposure
to enriched environment on body mass index, serum lipid profile
and carotid arterial wall structure.
2. Materials and Methods

2.1. Animals

Male Sprague Dawley rats were bred locally in the Central Ani-
mal House of Manipal Academy of Higher Education (MAHE),
Manipal, India. All animals were maintained in 12:12 h day: night
cycle. Each cage size is 40 cm� 24 cmwith three rats per cage. Rats
were maintained with standard animal feed provided ad libitum
except for the groups that had specified interventions for periods
as explained in experimental design.
2.2. Ethical approval

The experiments were conducted according to the ethical
norms approved by Institutional animal ethics committee (IAEC),
Manipal Academy of Higher Education (MAHE), Manipal with
clearance obtained for the study (IAEC/KMC/09/2015).This is gov-
erned under the. Ministry of Social Justices and Empowerment,
Government of India and Committee for the Purpose of Control
and Supervision on Experiments on Animals (CPCSEA)
2.3. Experimental design

Postnatal rat pups (n = 64) weighing 45 ± 2 gm were divided
into 4 experimental groups (n = 8/group) per experimental study.
Normal control –NC, Obese-OB, Obese rats supplemented with
dietary choline and DHA –OB + CHO + DHA and Obese group
exposed to environmental enrichment –OB + EE. A total of 32 ani-
mals in each experiment were used in this study. Postnatal obesity
was induced by supplementing the animals with high fat diet
(Fig. 1)
2.4. Animal dietary protocol

NC group - Standard animal feed (VRK Nutritional Solutions,
VRK’s ‘‘Scientist’s Choice” Laboratory Animal Diets, Pune, India)
used was normal pellet chow containing 21.8%of protein, 4.8%of
fat, 3.1%of fiber, 1%of calcium, 65%of carbohydrates and 5.1%of
phosphorus (Thomas Rajarethnem et al., 2017).

OB group - The composition of high fat diet was designed, and
standardized in-house containing lard– 60%, Normal pellet (pow-
dered) – 10%, Casein –3%, Sucrose – 1%, Cholesterol – 20%, Vitamin
– 5%, d l methionine – 1% (Durga laboratory and chemicals, Manga-
lore, India) (Prabhu, G. S., K. G. Rao, M. and Rai, K. S. 2020).

OB + CHO + DHA group -High fat diet along with oral supple-
mentation of choline and DHA was provided. Choline chloride
98% extra pure (Loba Chemicals Laboratory Reagents- India) was
dissolved with distilled water 5 mmol/kg/day and DHA - was
150 mg/kg/ day (Nouveau Medicament Private Ltd. India)
(Thomas et al., 2018).

OB + EE group - High fat diet along with environmental enrich-
ment (EE) was provided for one hour per day for 90 days. Enrich-
ment was provided in a cage of larger dimension than the
regular cage.



Fig. 1. Schematic representation of Experiment 1and 2.

G.S. Prabhu, K. Prasad, Mohandas Rao K.G. et al. Saudi Journal of Biological Sciences 28 (2021) 2396–2407
2.5. Environmental enrichment

Animals were housed in sterile enriched environment (EE) cage
with dimensions of 52 cm � 32 cm along with husked bedding. In
each EE cage, there were different objects like tubes, running
wheel, ladder, and cubes. Three rats were placed in the cage at a
time and allowed to explore the enriched environment for one
hour per day (Duarte et al., 2012). (Fig. 2)
2.6. Body mass index

Changes in weight (g) and head to tail length (cm) for each rat
from all the groups were recorded for every week. Body mass index
was calculated by dividing the body weight (g) by square of body
length (cm). Rats with body mass index more than 0.6 were con-
sidered as obese rats (Novelli Filho et al., 2007)
Fig. 2. Enriched cage.
2.7. Serum lipid profile

Blood was collected from all groups of rats by retro-orbital vein
perforation after the intervention period for all the groups. 2 ml
blood was collected and serum was separated by using centrifuga-
tion procedure with 3000 rpm for 10 min. Biochemical parameters
for cholesterol, triglyceride, LDL were estimated according to man-
ufacturer’s standard protocols provided in the respective kits
which are based on GPO-POD method. Serum leptin was analyzed
using standard ELISA kit.
2398
2.8. Histo-pathological analyses for atherosclerotic changes in wall of
common carotid artery

Animals were euthanized using high dose of ketamine anesthe-
sia. Perfusion was performed transcardially with saline and 10%
formalin was injected to clear the blood clots in CCA lumen. CCA
was dissected and all the samples were washed in phosphate buf-
fer saline (PBS) until the lumen is free of blood clots and fixed with



Fig. 3. Data is expressed as Mean ± SEM. **,^^ p < 0.01 in NC vs OB of 7 month &
12 month old rats respectively; # p < 0.05 in OB vs OB + CHO + DHA and @@ p < 0.01
OB vs OB + EE of 7 month old rats.
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4% paraformaldehyde for 24 h. The tissues are allowed to remain at
50%, 70%, 90% alcohol, followed by absolute alcohol. After dehydra-
tion, tissues were given two changes of xylol and infiltrated with
paraffin. The labeled paraffin blocks were fixed on a rotary micro-
tome and transverse sections with a thickness of 5m were taken.
The transverse sections were stained with Haematoxylin and Eosin
and Verhoff –Vangeison stains (Tulis D, 2007, Reddy, S., Kumar, P.
and Prasad, K. 2011). Light microscope at 20 and 400x magnifica-
tions was used to observe the sections and analyze the structural
changes in the CCA. The transverse sections were imaged (every
section was imaged at 5 regions) using image processing program
‘‘Image J” version 6.0. The thickness of tunica media and tunica
intima were separately analyzed from five randomly selected
images of CCA from each rat, by drawing a mark longitudinally
from the internal elastic lamina to the outer layer of tunica media
and from endothelium up to the sub-endothelial layer respectively.
The ratio of tunica media to tunica intima of CCA was calculated
from the values of the thickness obtained. The arterial lumen
was analyzed by measuring the cross-lumen diameter at 5 differ-
ent points around the lumen. Quantification of collagen and elastic
fibers in tunica media of CCA were analyzed in Verhoff -Vangeison
stained sections using Tissue Quant (version 1.0). The principle of
Tissue Quant software is on the number of pixels assigned to the
shade of the color analyzed for collagen fibers. The stained sections
are obtained with means of color score by the software and the
image is measured in terms of pixels. Total number of pixels corre-
sponding to the color of interest is then converted to percentage
value. The results obtained from all 3 images of each section were
aggregated for further statistical evaluation (Kumar et al., 2014).
The values for each of the parameters analyzed from the 5 selected
regions were taken in terms of pixels and the mean value obtained
was later converted to micrometer scale using unit.
2.9. Statistical analysis

Statistical program SPSS 16.0 was used to analyze the mean sig-
nificant changes among the groups. Data were expressed in terms
of Mean ± SEM. One way ANOVA was performed and Bonnerferon’s
multiple comparison test was conducted to compare the means
among the groups. P-value < 0.05 was considered significant. Pear-
son’s correlation by using the mean values of each group was used
to analyze the relationship (association) among the groups.
3. Results

All results obtained from the two experimental studies are rep-
resented graphically and histo-morphologically in a combined
form to express the persistent effects at old age.
3.1. Changes in body mass index

Mean body mass index increased slightly in normal controls. OB
rats fed with high fat diet for 7 months, showed a significant
(** p < 0.01) increase in body mass index which persistently
remained significantly higher (^^ p < 0.01) in 12 month old OB rats
despite being fed only normal chow diet for subsequent 5 months
as compared to same in age-matched NC rats (Fig. 3)

Alternately, 7 month old OB + CHO + DHA and OB + EE rats
showed significant decrease (# p < 0.05, @@ p < 0.01respectively)
in mean body mass index as compared to the same in age-
matched OB rats although it still remained higher as compared
to age-matched NC rats which persisted in 12 month old OB + C
HO + DHA and not in OB + EE rats (Fig. 3)
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3.2. Metabolic and serum lipid profile changes

Significant increase in mean serum triglyceride (**,* p < 0.01,0.05
respectively), cholesterol (^,## p < 0.05, 0.01 respectively), low den-
sity lipoprotein (##,^^ p < 0.001) and leptin (@@@, && p < 0.001,0.01
respectively) as well as a significant decrease (& p < 0.05) in high
density lipoprotein was observed at both 7 months and 12 months
in OB group as compared to the same in age- matched NC group of
rats (Table 1, 2).

In 7 month old rats, OB + CHO + DHA and OB + EE groups when
compared to OB group of rats the levels of serum triglyceride, low
density lipoprotein, (*,#,@,$ p < 0.05 respectively) has been signifi-
cantly decreased and serum high density lipoprotein has been sig-
nificantly (^, & p < 0.05) increased. (Table 1)

In 12 month old rats, OB + CHO + DHA and OB + EE groups when
compared to OB group of rats the Serum levels of triglyceride, low
density lipoprotein and leptin (*,#,^,&,@,$ p < 0.05 respectively) in OB
vs OB + CHO + DHA and OB + EE has been significantly decreased
(Table 2)
3.3. Common carotid arterial wall changes

3.3.1. Tunica intima:
Mean thickness of tunica intima of the CCA in NC rats was

observed to be similar at 7 and 12 months of age. Whereas, mean
thickness of tunica intima in 7 month old OB rats was observed to
be significantly high (** p < 0.01) compared to the same in age-
matched NC rats. But in 12 month old OB rats mean thickness of
tunica intima was reduced compared to 7 month old OB rats
although it was not significant when compared to the same in
age-matched NC rats. No significant decrease in mean thickness
of tunica intima was observed in OB + CHO + DHA and OB + EE
groups of rats compared to OB group of rats (Fig. 4).
3.3.2. Tunica Media:
Mean thickness of tunica media of the CCA in NC rats was

observed to be similar at 7 and 12 months of age. But 7 month
old and 12 month OB group of rats showed a significant increase
(**p < 0.01; ^^ p < 0.01 respectively) in mean thickness of tunica
media as compared to age-matched NC group of rats. In both 7
and 12 month old OB + CHO + DHA groups showed significant
attenuation (#, & p < 0.05) as compared to OB group of age-
matched rats. But in 7 and 12 month old OB + EE rats, a significant
(@, $ p < 0.05) increase in mean thickness of tunica media was
observed when compared to the same in age-matched NC rats



Table 1
Data expressed in Mean ± SEM. Serum levels of triglyceride, cholesterol, low density lipoprotein, and leptin (**, ^,##,@@@ p < 0.01,0.05,0.01,0.001) respectively in NC vs OB, serum
high density lipoprotein (& p < 0.05) in NC vs OB. Serum levels of triglyceride, low density lipoprotein *,#,@,$ p < 0.05 respectively in OB vs OB + CHO + DHA and OB + EE. Serum
high density lipoprotein ^, & p < 0.05 in OB vs OB + CHO + DHA and OB + EE.

Groups Serum triglyceride
(mg/dl)

Serum total cholestrol
(mg/dl)

Serum high density lipoprotein
(mg/dl)

Serum low density lipoprotein
(mg/dl)

Serum leptin
(pg /dl)

NC 63.3 ± 3.98 98.77 ± 3.17 51.4 ± 2.11 20.13 ± 1.46 413.8 ± 36.5
OB 99.1 ± 3.38 ** 113.57 ± 3.18 ^ 33.2 ± 1.87 & 54.4 ± 3.9 ## 504.4 ± 71.4 @@@

OB + CHO + DHA 86.0 ± 2.11* 101.38 ± 2.70 46.5 ± 2.68 ^ 36.1 ± 2.93 # 499.6 ± 66.4
OB + EE 84.8 ± 3.39 @ 100.94 ± 2.02 45.8 ± 2.68 & 38.5 ± 2.62 $ 496 ± 33.1

Table 2
Data expressed in Mean ± SEM. Serum levels of triglyceride, cholesterol, low density lipoprotein, and leptin (*,##,^^,&& p < 0.05,0.01,0.01,0.01) respectively in NC vs OB. Serum
levels of triglyceride, low density lipoprotein and leptin (*,#,^,&,@,$ p < 0.05 respectively) in OB vs OB + CHO + DHA and OB + EE.

Groups Serum triglycerides
(mg/dl)

Serum total cholestrol
(mg/dl)

Serum high-density lipoprotein
(mg/dl)

Serum low-density lpipoprotein
(mg/dl)

Serum leptin
(pg /dl)

NC 54.9 ± 3.98 95.77 ± 2.17 36.4 ± 2.17 42.33 ± 1.34 509.6 ± 36.5
OB 68.3 ± 3.38 * 116.97 ± 5.18 ## 31.2 ± 2.87 59.4 ± 4.6 ^^ 561.4 ± 52.2 &&

OB + CHO + DHA 56.0 ± 2.11 * 101.88 ± 3.65 35.1 ± 2.58 49.2 ± 1.90 # 527.6 ± 43.4 ^

OB + EE 58.1 ± 3.39 & 100.84 ± 2.02 35.5 ± 1.38 52.5 ± 1.92 @ 539 ± 41.3 $

Fig. 4. Data is expressed as Mean ± SEM. Significant increase in mean thickness of
tunica intima in 7 month old OB rats as compared to same in age-matched NC group
of rats ** p < 0.01 NC vs OB.

Fig. 5. Data is expressed as Mean ± SEM. Mean thickness of tunica media in 7 and
12 month old rats. **, ^^ p < 0.01 in NC vs OB respectively, #, & p < 0.05 in OB vs
OB + CHO + DHA respectively, @, $ p < 0.05 in NC vs OB + EE respectively.

Fig. 6. Data is expressed as Mean ± SEM. Mean lumen diameter (mm) in 7 month
old. * p < 0.05 NC vs OB, ^ p < 0.05 NC vs OB + CHO + DHA, @ p < 0.05 NC vs OB + EE.
No significant change among the groups in 12 month old rats.
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and no significant attenuation was observed when compared to the
same in age-matched OB rats (Fig. 5).

3.3.3. Arterial lumen diameter:
The mean arterial lumen diameter of CCA in 7 vs 12 month NC

group of rats showed slight decrease with aging. 7 month old OB
group rats showed a significant decrease (*p < 0.05) in mean arte-
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rial lumen diameter as compared to the same in age-matched NC
rats. Moreover, in both OB + CHO + DHA and OB + EE group the
CCA lumen diameter showed a significant decrease (^, @ p < 0.05)
as compared to the same in age-matched NC rats but not with
OB rats. In 12 month old OB + CHO + DHA and OB + EE groups of
rats the mean CCA lumen diameter was not significantly changed
as compared to same in age-matched OB rats although it was
decreased compared to same in NC rats (Figs. 6–8).
3.3.4. Percentage of collagen and elastic fibers in tunica media
Verhoff Vangeison stained sections of CCA were analyzed using

tissue quant software.
Mean percentage of collagen fibers in tunica media of CCA was

slightly increased in 12 month NC group rats compared to same in
7 month NC group rats. But mean percentage of collagen fibers in
tunica media of OB rats was observed to be significantly higher
(** p < 0.01) as compared to age-matched NC rats which did not
persist till 12 month in OB rats. Moreover in 7 and 12 month old
OB + CHO + DHA and OB + EE rat groups, there was no significant
increase in percentage of collagen fibers as compared to same in
age-matched NC and OB group of rats (Fig. 9).

Mean percentage of elastic fibers in tunica media of CCA was
slightly higher at 12 month NC group rats compared to same in
7 month NC group rats. Moreover the mean percentage of elastic
fibers in OB rats as well as OB + CHO + DHA and OB + EE rats at both



Fig. 7. Representative Photomicrograph (20 & 400x) of common carotid artery of 7 month old rats showing histo-morphological changes in tunica intima and tunica media of
common carotid artery. 1- Tunica intima of NC group, 2- Tunica media of NC group, 3- increase in thickness of tunica media in OB group.

Fig. 8. Representative Photomicrograph (20 & 400x) of common carotid artery of 12 month old rats showing histo-morphological changes in tunica intima and tunica media
of common carotid artery. 1- Tunica intima of NC group, 2- Tunica media of NC group, 3- increase in thickness of tunica media in OB group.
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Fig. 9. Data is expressed as Mean ± SEM. Represents mean percentage of collagen
fibers in tunica media of common carotid artery in 7 month old rats. ** p < 0.01 NC
vs OB.

Fig. 10. Data is expressed as Mean ± SEM. Represents mean percentage of elastic
fibers in tunica media of common carotid artery in 7 and 12 month old rats.
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7 and 12 months of age did not show any significant increase com-
pared to the same in age-matched NC group of rats (Fig. 10).
Figs. 11. and 12.
3.4. Correlations-

The mean thickness of tunica media was correlated to serum
lipid profile. A positive linear correlation of thickness of tunica
Fig. 11. Representative Photomicrograph (20 & 400x) of collagen fibers in tunica media o
for 7 month old rats of –NC, OB, OB + CHO + DHA and OB + EE groups.
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media was observed in relation to increased levels of serum choles-
terol, triglyceride, low density lipoprotein and leptin in age-
matched (7 months) OB group of rats compared to NC (Fig. 13 a,
b, c, d).

Moreover, the mean thickness of tunica media was significantly
correlated to serum lipid profile levels in OB vs OB + CHO + DHA
groups. A significant positive linear correlation of mean thickness
of tunica media to serum triglycerides, low density lipoproteins
and leptin levels was observed in OB group when compared to
OB + CHO + DHA groups (Fig. 14 a, b, c, d).

Additionally, the mean thickness of tunica media was observed
to be correlated to serum lipid profile in OB vs OB + EE group. As
the serum lipid profile level is decreased in OB + EE group, the
mean thickness of tunica media was observed to be lesser as com-
pared to the same in age matched OB group of rats (Fig. 15.a, b, c, d)

4. Discussion

4.1. Changes in body mass index

In the present study, NC group of rats showed slight increase in
body mass index between the age of 7 and 12 month indicating
age-related increase of BMI. This is seen because aging is associ-
ated with increase in free fatty mass deposition and further related
to physiological and pathological alterations in fatty mass deposi-
tion (Pappas and Nagy, 2019). Whereas 7 month old OB rats, fed
with high fat diet, a significant increase in body mass index was
observed compared to same in age-matched NC rats. Interestingly,
12 month old OB rats which did not consume high fat diet for sub-
sequent 5 months were observed to have persistent high BMI com-
pared to the same in NC rats. Studies show that, most importantly,
rapid increase in body mass index from an early age is a significant
predictor for future obesity and cardiovascular risks (Mumena
et al., 2018). Long duration of feeding with high fat diet induces
hypothalamic oxidative stress leading to obesity at increasing rate
(Cavaliere et al., 2018). Importantly, exposure to high fat diet from
a juvenile age or during adulthood can also have an impairment on
endocrine metabolism and evokes leptin resistance by hyper-
leptinemia which is associated with deficits in hippocampal-
dependent behaviors (Del Olmo and Ruiz-Gayo, 2018). With the
period of aging, the body mass index shows varied changes with
an increase in cardiovascular and cerebrovascular risks due to
influence of body weight and fat deposition (Espinoza, 2019).
f common carotid artery using Verhoff-Vangeison and tissue quant software images



Fig. 12. Representative Photomicrograph (20 & 400x) of collagen fibers in tunica media of common carotid artery using Verhoff-Vangeison and tissue quant software images
for 12 month old rats of NC, OB, OB + CHO + DHA and OB + EE groups.

Fig. 13. Correlations between mean thickness of tunica media (mm) vs serum cholesterol (mg/dl) a; vs serum triglyceride (mg/dl) b; vs serum low density lipoprotein (mg/dl)
c; vs serum leptin levels (pg/dl) d; in 7 month old NC and OB group of rats.
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Supplementation of choline and DHA or exposure to enriched
environment during 7 month period in OB rats causes a significant
decrease in body mass index in both OB + CHO + DHA group as well
as OB + EE rats compared to same in age-matched OB rats. This
indicates an important finding that, supplementation of choline
and DHA or early exposure to environmental enrichment along
with high fat diet has a positive influence on preventing body
weight gain. The body mass index in 12 month old OB + CHO + D
2403
HA group as well as OB + EE rats was not significantly attenuated
when compared to the same in age- matched OB rats but remained
slightly higher compared to same in NC rats. Interestingly,
12 month old OB rats which did not consume high fat diet nor sup-
plementation of choline and DHA or exposed to enriched environ-
ment for subsequent 5 months were observed to have persistent
high BMI compared to the same in NC rats. Choline helps in main-
taining body weight by preventing deposition of lipoproteins by



Fig. 14. Correlations between mean thickness of tunica media (mm) vs serum cholesterol (mg/dl) a; vs serum triglyceride (mg/dl) b; vs serum low density lipoprotein (mg/dl)
c; vs serum leptin levels (pg/dl) d; in 7 month old OB and OB + CHO + DHA group of rats.

Fig. 15. Correlations between mean thickness of tunica media (mm) vs serum cholesterol (mg/dl) a; vs serum triglyceride (mg/dl) b; vs serum low density lipoprotein (mg/dl)
c; vs serum leptin levels (pg/dl) d; in 7 month old OB and OB + EE group of rats.
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promoting fatty acid beta oxidation and thus shows a positive cor-
relation with body mass index (Gao et al., 2016). DHA directly
influences the lipid metabolism in liver and maintains the inflam-
matory damage and body weight gain thus maintaining the body
mass index (Shang et al., 2017).

Apart from nutrient supplements, studies have shown that
exposure to environmental enrichment helps in maintaining body
weight and metabolism (Rodríguez-Ortega et al., 2019). Although
studies have shown that environmental enrichment can have var-
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ied changes depending on the duration of the enrichment pro-
vided, the precise mechanism of this change remains unclear
(Tsai et al., 2002).

4.2. Metabolic and serum lipid profile changes

Serum lipid profile in NC group of rats did not show any signif-
icant variations among the 7 and 12 month old rats. But the
7 month old OB group of rats showed a significant increase in
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serum triglycerides, cholesterol, low density lipoproteins and lep-
tin levels as compared to the same in age-matched NC group of rats
indicating metabolic disturbances due to the early exposure to
high fat diet. But in 12 month old OB rats despite stopping high
fat diet consumption, serum triglycerides, cholesterol, low density
lipoproteins and leptin showed a persistently significant increase
as compared to same in age-matched NC group of rats. These
changes are observed because of early exposure to high fat diet
influencing and altering metabolism causing metabolic and func-
tional changes during aging. Studies show that, when high fat diet
is fed for a longer period, hepatic lipid peroxidation is observed
which can directly contribute to metabolic changes (Nunes-Souza
et al., 2016). Changes in body composition with age increases body
fat mass resulting in lesser energy expenditure and increased
metabolism which results in more fat storage. This fat storage
alters the lipid parameters leading to metabolic disturbances and
inflammation (Cavaliere et al., 2018). With aging, changes in cellu-
lar metabolism of adipose tissue and metabolic parameters are
linked to adipose tissue function (Miller et al., 2017). Fatty diets
have an increased tendency for hyperlipidemia further leading to
cardiovascular risks (DiNicolantonio and O’Keefe, 2018). Obesity
produced due to high fat diet has shown to have dyslipidemia in
which there is an increase in serum lipids, including leptin and
reduction in levels of high density lipoproteins (Bonomini,
Rodella and Rezzani, 2015). Increase in circulating triglyceride
can cause major lipid abnormalities because there is a delayed
clearance of the TG-rich lipoproteins and increase in formation of
small dense LDL. This increase in triglyceride and LDL in turn
reduces the levels of HDL leading to alterations in lipid metabolism
(Klop, Elte and Cabezas, 2013). Intake of lard in diet leads to loss of
leptin action on hypothalamic neurons that is involved in main-
taining body weight regulation, leading to progression of obesity
(Viggiano et al., 2016). Resistance to circulating leptin levels in
diet-induced obesity often seen with absent sensitivity to food
intake suppresses leptin receptors in arcuate nucleus of hypothala-
mus(de Git et al., 2018). These studies support the findings of the
present study.

An important observation in this study is that supplementation
of choline and DHA have attenuated the levels of serum choles-
terol, triglyceride, low density lipoproteins and leptin in OB + CH
O + DHA group as compared to the same age matched OB group
of rats. This study marks an important relation of combined sup-
plementation of choline and DHA in attenuating high fat diet
induced changes in lipids when supplemented from an early age.
Other important findings in this study is that the lipid levels except
HDL in 12 month old OB + CHO + DHA group is lesser as compared
to same in aged matched OB group of rats. Supplementation of
both choline and DHA reduces the risks of hyperlipidemia
(Takkella et al., 2018). Choline supplementation increases lipid
metabolism by reducing the levels of free fatty acids and triglyc-
erides. This in turn, improves hepatic lipid metabolism by decreas-
ing nicotinamide adenine dinucleotide phosphate (NADPH)
generation, improving fatty acid oxidation (Li et al., 2018). DHA
reduces the risks for liver damage and maintains the lipid metabo-
lism (Shang et al., 2017). Combined supplementation of choline
and DHA maintain body metabolism and metabolic functions
(Bernhard et al., 2020). These studies support the findings of the
present study, indicating that combined supplementation of cho-
line and DHA can help in maintaining the serum lipid levels and
attenuating the metabolic disturbances through aging, despite
high fat diet consumption and obesity.

Moreover, when serum lipid levels of OB + EE with OB group in
7 month old rats were compared it was observed that there is a
decrease in the levels of serum cholesterol, triglycerides, low den-
sity lipoproteins and leptin. However, this decrease is not statisti-
cally significant. Environmental enrichment reduces the hepatic
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triglyceride levels and hepatic steatosis. It also helps in reducing
excess glucose production even in aging (McMurphy et al., 2018).
Although the mechanism in which environmental enrichment act-
ing on lipid changes is still unclear. In the present study, 12 month
old OB + EE group of rats did not show any significant changes in
serum lipid levels as compared to OB group of same aged rats.

4.3. Common carotid arterial wall changes

The tunica intima and tunica media of CCA in 7 and 12 month
old NC group of rats did not show significant variations in mean
thickness. Alternately 7 month old OB rats had significant increase
in mean thickness of tunica intima and tunica media of CCA as
compared to same in age- matched NC group of rats. Additionally
a significant decrease in arterial lumen and mean percentage of
collagen fibers was observed in tunica media of 7 month old OB
group of rats as compared to same in age matched NC group of rats.
Further, in 12 month old OB group of rats, despite stopping con-
sumption of high fat diet for 5 months, the tunica media persis-
tently showed a significant increase in thickness compared to
same in age-matched NC group of rats. But in 12 month old OB
group of rats, the lumen diameter did not show a significant
change as compared to the same in NC group of rats. In obesity,
due to high fat intake, serum lipid level alterations and raise in
body mass index increases the risks for vascular damage. Raise in
cholesterol, triglycerides and low density lipoproteins marks the
beginning of atherosclerosis affecting the arterial wall structure
and causing vascular inflammation (Bonomini, Rodella and
Rezzani, 2015). Metabolic disturbances due to changes in triglyc-
eride and high density lipoprotein ratios lead to plaque formation
associated with carotid atherosclerosis. The vascular permeability
for low density lipoproteins increases and up regulates the expres-
sion of LOX-1, which is associated with increased endothelial per-
meability for oxLDL through activation of protein kinase C (PKC)
and calcium influx. This further with molecular interactions
reduces the desmosome cell to cell contacts that can further
weaken the endothelial junctions casing damage to tunica intima.
Along with intimal wall changes, the tunica media of the artery
also thickened due to changes in smooth muscle cells, alterations
in collagen fibers and fatty streaks formation which further
increases the thickness of tunica media. With an increase in thick-
ness of tunica intima and tunica media, the arterial lumen gets nar-
rowed that may cause decrease in blood flow through the arterial
lumen (Misra et al., 2019). Additionally, studies show that hydrox-
yproline; a content of collagen increases with age in addition to
increased collagen and elastic fibers in tunica media of an artery
with aging (Tsamis, Krawiec and Vorp, 2013). In the present study,
long-term exposure to high fat diet alters the serum lipid levels
that initiate atherosclerotic lesion formation damaging the arterial
wall of the CCA. As described in above discussion, the arterial wall
stiffness increases as the age advances, but the tunica media has
shown relatively more damage when high fat diet was given for
a longer period. This indicates that high fat diet supplementation
from young age through adulthood linearly increases lipid profile
levels and concomitant thickening of tunica media at adulthood
posing increased cardiovascular risks.

In the present study, in 7 month old OB + CHO + DHA group of
rats, a significant attenuation in the thickness of tunica media was
observed as compared to the same in age-matched OB group of
rats, although it was not similar to same in age matched NC rats.
But, in 12 month old OB + CHO + DHA group of rats, despite stop-
page of high fat diet and interventions at 7 month, persistent sig-
nificant attenuation of thickness of tunica media was observed
when compared to that of age matched OB group of rats. Choline
an essential nutrient is known to lower circulating lipids and
homocysteine thus reducing vascular damage (Millard et al.,
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2018). Dietary choline supplementation could increase hepatic adi-
ponectin content and expression of lipolysis pathway genes. It
could also reduce the expression of lipogenesis pathway genes pro-
moting a lipid-lowering effect and restoring lipid metabolism bal-
ance, thereby reducing the hepatic steatosis and subsequently,
attenuating inflammation by modulating NF-jB signaling mole-
cules to suppress pro-inflammatory genes and increasing expres-
sion of anti-inflammatory genes (Kitson Alex. et al, 2016). DHA is
also an essential nutrient which is known to have anti-
atherogenic effect by reducing deposition of free fatty acids,
thereby preventing the increase in thickness of arterial wall
(Gladine et al., 2014). Dietary phospholipids directly act on
lipoprotein deposition reducing the inflammatory process
(Küllenberg et al., 2012). The present study shows compelling evi-
dence regarding the beneficial effects of combined supplementa-
tion of choline and DHA in reducing the arterial wall thickening-
induced by exposure to high fat diet. This indicates that supple-
mentation of combined choline and DHA during obesity in adults
attenuates the negative impact of excessive lipids on tunica media
thickening. Mainly, a significant positive correlation was observed
with levels of serum leptin and mean thickness of tunica media.
This study is the first to report the novel finding on the importance
of combined choline and DHA supplements during obesity in
attenuating mean thickness of tunica media and serum lipid levels.

Further, in the present study, 7 month old OB + EE group rats
showed a significant attenuation in thickness of tunica media when
compared to that of age-matched OB group rats although it was
not similar to same in age matched NC rats. But in 12 month old
OB + EE group rats, despite stoppage of high fat diet and interven-
tions at 7 month, persistent significant attenuation of mean thickness
of tunica media was observed when compared to same in age
matched OB group of rats. Exposure to environmental enrichment
shows beneficial effects on behavioral and cardiovascular health
(Normann et al., 2018). Studies have also shown that environmental
enrichment helps in reversing endothelial dysfunctions by mobiliza-
tion of endothelial progenitor CD34 + cells which in turn maintain
systemic vascular endothelial function (Bruno et al., 2018). In addi-
tion, environmental enrichment is also known to reduce the deposi-
tion of lipoproteins, thus maintaining the body weight and serum
lipid levels (Tsai et al., 2002). Studies also show that environmental
enrichment helps in healthy aging by hypothalamic-sympatho
neural-adipocyte (HSA) axis that helps in inducing metabolic and
behavioral adaptations which may be the underlying mechanisms
for improved health when exposed to environmental enrichment
(McMurphy et al., 2018). But, the molecular mechanisms involved
in regulating vascular changes by environmental enrichment still
remains unclear. The present study shows beneficial effects of envi-
ronmental enrichment when given along with high fat diet in atten-
uating vascular inflammatory changes from an early period.

5. Conclusion

1. High fat diet supplementation from an early young age leads to
higher body mass index, serum lipid levels and inflammatory
changes in arterial wall with a negative impact that progresses
with aging even after cessation of the high fat diet. These find-
ings indicate that high fat diet consumption during early ages
through middle age causes permanent changes in metabolism
which persistently causes high BMI in old age despite stopping
high fat diet or any intervention.

2. Combined supplementation of choline and DHA to obese indi-
viduals from an early young age significantly attenuates nega-
tive impact of high fat diet on body mass index, serum lipids
and thickness of the arterial wall through aging, despite cessa-
tion of consuming high fat diet.
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3. Additionally, exposure to environmental enrichment from an
early young age attenuates negative impact of high fat diet on
body mass index, serum lipids and thickness of the arterial wall
and these positive findings persists progressively through aging.
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