Inflammation, Vol. 42, No. 3, June 2019 (© 2018)
DOI: 10.1007/s10753-018-0949-6

@ CrossMark

ORIGINAL ARTICLE

Aging and Hyperglycemia Intensify Dyslipidemia-Induced
Oxidative Stress and Inflammation in Rats: Assessment
of Restorative Potentials of ALA and EPA + DHA
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Abstract— Effect of aging and hyperglycemia on oxidative stress (OS) and inflammation in
dyslipidemic conditions has not been elucidated. Hence, in this study, we assessed the
implications of aging, hyperglycemia, and also the dietary effect of n-3 fatty acids (x-
linolenic acid (ALA) and eicosapentaenoic acid (EPA) + docosahexaenoic acid (DHA)) on
OS and inflammation in dyslipidemic rats. Dyslipidemia was induced in young and aged rats
by feeding high-fat lard (HFL) diet. Diabetes was induced in young dyslipidemic rats by
administering streptozotocin 30 days after the induction of dyslipidemia. Experimental
groups received diets containing canola oil (HF + CNO) and fish oil (HF + FO) as a source
of ALA and EPA + DHA respectively. After 60 days of feeding rats with their respective diets,
OS and inflammatory markers in serum were assessed. Dyslipidemia caused significant
(p <0.05) increase in OS (lipid peroxidation, nitric oxide, and protein carbonyl), pro-
inflammatory cytokine (CRP, IL-13, MCP-1, and TNF-x), and eicosanoid (PGE,, LTBy,,
and LTC,) level in serum of both young and aged rats. Aged dyslipidemic rats presented
significantly (p <0.05) higher level of these markers compared to young dyslipidemic rats.
Hyperglycemia onset further augmented OS and inflammatory markers in young dyslipid-
emic rats significantly (p < 0.05). Administration of n-3 fatty acids downregulated the serum
markers of OS and inflammation in all the three experimental models. Thus, aging and
hyperglycemia onset intensified dyslipidemia-induced OS and inflammation. Dietary
preformed EPA + DHA presented larger restorative potentials than precursor ALA in
countering OS and inflammation in all the three experimental models.
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INTRODUCTION

Dyslipidemia (hyperlipidemia) and diabetes
(hyperglycemia) are the two major risk factors for
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developing micro- and macro-vascular complications.
Studies have shown that their effective management
through a healthy diet and physical activity combined with
therapeutic intervention may translate into clinical benefits
[1]. Metabolism of glucose and lipids are well connected as
well as balanced, and any dysregulation in it may result in
the clinical manifestation of diabetes and dyslipidemia [2,
3]. Both young and aged populations across the world are
susceptible to developing dyslipidemia as well as diabetes.
Consumption of excess fat (mainly saturated fat), calories,
and sedentary lifestyle along with low intake of bioactive
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lipids could be attributed to the higher incidence of meta-
bolic abnormalities. The occurrence of dyslipidemia indi-
vidually or in combination with diabetes may elicit a
varying degree of oxidative and inflammatory responses.
Both OS and chronic inflammation can cause irreversible
damage to tissues. The vicious cycle comprising chronic
inflammation, OS, and insulin resistance contributes to
diabetes-associated complications, including cardiovascu-
lar diseases, nephropathy, neuropathy, retinopathy, and
urological diseases [4—6]. The extent of disruption in the
balance between pro- and anti-oxidants and pro- and anti-
inflammatory mediators may determine the severity of the
complications [7].

The aging process is characterized by increased OS,
heightened inflammatory response, accelerated cellular se-
nescence, and progressive organ dysfunction [8]. The el-
derly group may show varied responses to dietary factors
than younger populations. Comparative evaluation in
young and aged models of dyslipidemia and implication
of hyperglycemia onset in preexisting dyslipidemic models
on OS and inflammatory markers have never been studied.
Also, the impact of dietary n-3 fatty acids in modulating
oxidative and inflammatory markers in these models needs
to be understood for effective application of polyunsatu-
rated fatty acid therapy under metabolically challenged
conditions in different age groups. The present study com-
pares oxidative and inflammatory responses in three
models, namely, young and aged dyslipidemic rats and
young dyslipidemic diabetic rats. The evidence for the
restorative potentials of precursor ALA and preformed
EPA + DHA against dyslipidemia- and hyperglycemia-
induced OS and inflammation are also presented.

MATERIALS AND METHODS

Materials

Ascorbic acid, adenosine diphosphate (1-chloro-2,4,
dinitrobenzene), cytochrome C, thiobarbituric acid, xan-
thine, and xanthine oxidase were obtained from Sigma
Chemicals, St. Louis, MO, USA. Malondialdehyde,
NADPH, phosphoric acid, sulfanilamide, sulfosalicylic ac-
id, sodium nitrate, t-butyl hydroperoxide, and analytical
grade solvents were obtained from SRL Chemicals, Mum-
bai, India. Food grade commercial brand canola oil and
lard were purchased locally, and refined fish oil was pro-
cured from Janatha fishmeal products, Udupi, Karnataka,
India.
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Diet and Animal Feeding

The usage of animals in the experimental proto-
cols was approved by the Institutional Animals Care
and Use Committee (IAEC No.311/14). Experiments
were carried out in young (22 days/50+5 g) and
aged (10 months/350+5 g) male Wistar rats
(OUTB-Wistar, IND-cft (2C)) individually housed
with 12-h light and dark cycle. Control rats received
7% fat (7 g lard/100 g diet), and high-fat lard (HFL)
group received 35% fat (35 g lard/100 g diet).
Among the experimental groups, high-fat canola
((HF + CNO), source of ALA, 18:3 n-3) group
received 17.5 g lard+17.5 g canola 0il/100 g diet
and high-fat fish oil ((HF + FO), source of EPA,
20:5 n-3 + DHA, 22:6 n-3) group received 17.5 g
lard+17.5 g fish 0il/100 g diet. To create young
dyslipidemic diabetic rat model, after 30 days of
feeding HF, HF + CNO, and HF + FO diets, young
dyslipidemic rats were made diabetic by injecting
streptozotocin (35 mg/kg body weight) and continued
with their diet for 30 more days. Upon completion of
60 days of feeding, rats in all the three models were
fasted overnight and sacrificed under isoflurane anes-
thesia. Blood was collected, and serum was isolated
by centrifuging the coagulated blood at 10,000 rpm.
The collected serum samples were processed as per
the analytical requirement and stored at —80° C for
further analysis. The dietary fatty acid compositions
were measured by gas chromatography as described
earlier [9], and the fatty acid profile of diet is given
in Table 1. The total n-3 fatty acid content in HF +
CNO and HF + FO diets were found to be 33.9 and
22.9% respectively.

Measurement of Oxidative Stress Markers

Serum lipid peroxide level was determined by mea-
suring thiobarbituric acid (TBA) reactivity [10]. Nitric
oxide level was measured using the Griess reagent [11].
Protein carbonyls were measured by the method as de-
scribed by Mesquita et al. [12].

Measurement of Inflammatory Markers

Serum IL-13, MCP-1, and TNF-« were measured by
Elisa as per the kit instructions (PeproTech, Rehovot, Isra-
el), and CRP level was measured using the kit purchased
from Agappe Diagnostics Ltd., Kerala, India. Serum PGE,,
LTB,, and LTC4 were measured by Elisa as per the kit
instructions (Cayman Chemicals, USA).
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Table 1. Fatty Acid Composition of Diet

Fatty acids (%) Control HFL HF + CNO HF + FO
14:0 38 3.9 1.9 2.1
16:0 253 24.8 8.9 43
16:1 (n-7) ND ND ND 3.9
18:0 8.8 9.2 3.8 3.1
18:1 (n-9) 44.0 443 38.8 36.4
18:2 (n-6) 18.1 17.8 12.7 11.1
18:3 (n-3) ND ND 33.9 2.0
20:4 (n-6) ND ND ND 16.2
20:5 (n-3) ND ND ND 11.5
22:6 (n-3) ND ND ND 9.4
> n-6 18.1 17.8 12.7 273
> n-3 NA NA 339 229
n-6: n-3 NA NA 1:2.6 1:0.8

Values are mean of triplicate samples

ND not detected, NA not applicable, HFL high-fat lard, HF' + CNO high-fat canola oil, HF + FO high-fat fish oil

Statistical Analysis

Results are expressed as mean + SD. The data were
analyzed by one-way ANOVA (non-parametric) followed
by Tukey’s test. Values in each dietary group between the
models [young dyslipidemic (YD) vs. aged dyslipidemic
(AD) and YD vs. young dyslipidemic + diabetic (YDD)]
were compared, and a p value of <0.05 was considered
statistically significant.

RESULTS

Serum Oxidative Stress Markers

Serum levels of lipid peroxides, nitric oxides, and
protein carbonyls indicate the efficiency of systemic anti-
oxidant defense mechanisms. Results from this study indi-
cated significant differences (p < 0.05) in the serum level of
these markers in YD rats when compared to AD and YDD
rats (Table 2). Lipid peroxide level in aged control rats was
72% higher compared to that in young control rats. Dys-
lipidemia elevated lipid peroxide level in all the three
models compared to their respective control group. How-
ever, AD and YDD rats showed 25 and 84% higher level of
lipid peroxides compared to YD rats. AD and YDD rats fed
HF + CNO diet had 37 and 81% higher level of lipid
peroxides when compared to YD rats fed HF + CNO.
Similarly, AD and YDD rats fed HF + FO diet had 39
and 72% higher level of lipid peroxides when compared to
YD rats fed HF + FO diet. Nitric oxide level in aged control
rats was 70% higher compared to that in young control rats.
Dyslipidemia elevated nitric oxide level in all the three

models compared to their respective control group. How-
ever, AD and YDD rats showed 43 and 79% higher level of
nitric oxides compared to YD rats. AD and YDD rats fed
HF + CNO diet had 14 and 30% higher level of nitric
oxides when compared to YD rats fed HF + CNO diet.
Similarly, AD and YDD rats fed HF + FO diet had 35 and
61% higher level of nitric oxides when compared to YD
rats fed HF + FO diet. Protein carbonyl level in aged
control rats was 42% higher compared to that in young
control rats. Dyslipidemia increased protein carbonyl level
in all the three models compared to their respective control
group. However, AD and YDD rats showed 12 and 45%
higher level of protein carbonyl compared to YD rats. AD
and YDD rats fed HF + CNO diet had 14 and 47% higher
level of protein carbonyl when compared to YD rats fed
HF + CNO diet. Similarly, AD and YDD rats fed HF + FO
diet had 12 and 46% higher level of protein carbonyl when
compared to YD rats fed HF + FO diet.

Serum Cytokine Level

Serum levels of CRP, IL-13, MCP-1, and TNF-«
represent the status of the systemic inflammatory response.
Results from this study indicated significant differences
(p<0.05) in the serum level of these markers in YD rats
when compared to AD and YDD rats (Table 3). Dyslipid-
emia elevated CRP levels in all the three models compared
to their respective control group. However, AD and YDD
rats showed 68 and 139% higher level of CRP compared to
YD rats. AD and YDD rats fed HF + CNO diet had 23 and
60% higher level of CRP when compared to YD rats fed HF
+ CNO. Similarly, AD and YDD rats fed HF + FO diet had
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Table 2. Serum Oxidative Stress Markers

949

Parameters Lipid peroxidation (nmol/mg protein) Nitric oxide (nmol/mg protein) Protein carbonyl (nmol/mg protein)
Model Model Model

Dietary group YD AD YDD YD AD YDD YD AD YDD

Control 6.0+0.9° 103+0.8° 63+1.1° 44+04° 7.5+0.5° 5.6+0.8" 5.9+0.6" 8.4+0.6 5.5+0.5"

HFL 195+1.0°  244+03° 359+2.1° 17.7+1.3* 253+0.8" 31.8+£2.0°  287+14*  322+1.0°  41.7+1.6°

HF + CNO 203+0.8*  27.8+22° 36.9+03°  247+1.6° 282+0.8° 323+1.0° 200+22°  332+£1.7°  428+12°

HF + FO 22.3+0.7° 311+1.1° 38.4+0.7° 232+0.3° 31.4+2.1° 374+1.1° 317423 357+08° 465+2.1°

Values are mean = SD of 3 rats expressed in nanomoles per milligram protein. Values not sharing a common superscript within the row under each parameter

are statistically significant at p <0.05

HFL high-fat lard, HF + CNO high-fat canola oil, HF + FO high-fat fish oil, YD young dyslipidemic, AD aged dyslipidemic, YDD young dyslipidemic +

diabetic

30 and 75% higher level of CRP when compared to YD rats
fed HF + FO diet. Dyslipidemia elevated IL-1f3 levels in all
the three models compared to their respective control group.
However, AD and YDD rats showed 21 and 44% higher
level of IL-13 compared to YD rats. AD and YDD rats fed
HF + CNO diet had 13 and 45% higher level of IL-13 when
compared to YD rats fed HF + CNO. Similarly, AD and
YDD rats fed HF + FO diet had 12 and 34% higher level of
IL-13 when compared to YD rats fed HF + FO diet. Dys-
lipidemia elevated MCP-1 levels in all the three models
compared to their respective control group. However, AD
and YDD rats showed 51 and 117% higher level of MCP-1
compared to HFL-fed YD rats. AD and YDD rats fed HF +
CNO diet had 30 and 125% higher level of MCP-1 when
compared to YD rats fed HF + CNO. Similarly, AD and
YDD rats fed HF + FO diet had 21 and 140% higher level of
MCP-1 when compared to YD rats fed HF + FO diet.

Dyslipidemia elevated TNF-« levels in all the three models
compared to their respective control group. However, AD
and YDD rats showed 24 and 105% higher level of MCP-1
compared to YD rats. AD and YDD rats fed HF + CNO diet
had 26 and 138% higher level of TNF- when compared to
YD rats fed HF + CNO. Similarly, AD and YDD rats fed HF
+ FO diet had 53 and 142% higher level of TNF-x when
compared to YD rats fed HF + FO diet.

Serum Eicosanoid Level

Serum levels of two-series prostaglandin and three-
series leukotrienes synthesized from 20 carbon polyunsat-
urated fatty acids also play a significant role in the suste-
nance of inflammation. Results from this study indicated
significant differences (p < 0.05) in the serum level of these
lipid inflammatory markers in YD rats when compared to

Table 3. Serum Cytokine Level

Parameters ~ CRP (mg/dL) IL-13 (pg/mL) MCP-1 (pg/mL) TNF-o (pg/mL)
Model Model Model Model

Dietary YD AD YDD YD AD YDD YD AD YDD YD AD YDD

group

Control 1.6+ 1.6+ 15£02*  53+07"  60+04* 57+0.1* 3.0+01* 32=01* 3.0+01* 13+ 1.6+£0.18°  12+04°
0.2° 0.5° 0.2°

HFL 50+ 84+ 11.9+ 221+ 268+ 319+ 10.1+ 154+ 220+ 8.1+ 10.1+ 16.6+
0.1 0.7° 0.5 19 1.6 2.8° 0.6 1.3° 0.4° 0.3° 0.13° 1.06

HF+CNO 27+ 33+ 43+£02° 121+ 13.7+ 17.6+ 6.1+0.3" 81+12° 139+ 40+ 51+02°  9.7+05°
0.6° 0.6° 0.5 0.2° 0.4 2.5¢ 0.3°

HF + FO 2.1+ 27+ 3.6+ 94+06° 105+ 125+ 41+03"  51+02° 100+ 28+ 43+07° 68+03°
0.5 0.7 0.2° 0.4° 0.6° 0.3¢ 0.7

Values are mean + SD of 3 rats. CRP is expressed in milligrams per deciliter serum, whereas IL-13, MCP-1, and TNF-o are expressed in picograms per milliliter serum. Values not
sharing a common superscript within the row under each parameter are statistically significant at p < 0.05
HFL high-fat lard, HF + CNO high-fat canola oil, HF + FO high-fat fish oil, YD young dyslipidemic, AD aged dyslipidemic, YDD young dyslipidemic + diabetic
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AD and YDD rats (Table 4). Dyslipidemia elevated PGE,
levels in all the three models compared to their respective
control group. However, AD and YDD rats showed 25 and
63% higher level of PGE, compared to YD rats. AD and
YDD rats fed HF + CNO diet had 25 and 46% higher level
of PGE, when compared to YD rats fed HF + CNO.
Similarly, AD and YDD rats fed HF + FO diet had 22
and 60% higher level of PGE, when compared to YD rats
fed HF + FO diet. Dyslipidemia elevated LTB, levels in all
the three models compared to their respective control
group. However, AD and YDD rats showed 29 and
116% higher level of LTB4 compared to YD rats. AD
and YDD rats fed HF + CNO diet had 120 and 210%
higher level of LTB, when compared to YD rats fed HF
+ CNO. Similarly, AD and YDD rats fed HF + FO diet had
53 and 75% higher level of LTB, when compared to YD
rats fed HF + FO diet. Dyslipidemia elevated LTC, levels
in all the three models compared to their respective control
group. However, AD and YDD rats showed 47 and 153%
higher level of LTC, compared to YD rats. AD and YDD
rats fed HF + CNO diet had 73 and 154% higher level of
LTC4 when compared to YD rats fed HF + CNO. Similarly,
AD and YDD rats fed HF + FO diet had 55 and 111%
higher level of LTC4 when compared to YD rats fed HF +
FO diet.

DISCUSSION

Though dyslipidemia is well addressed by various
researchers, its effect on OS and inflammatory markers in
young and aged models has never been comparitively
assessed. This is particularly important as metabolic abnor-
malities that were common to elderly populations are also
being diagnosed in younger individuals [13, 14]. Further,
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evaluation of the hyperglycemic effect on OS and inflam-
matory markers under dyslipidemic background may indi-
cate the severity of disease progression among those dys-
lipidemic individuals who are also prone to hyperglycemia.
Considering the differences in the physiological responses
for dietary factors among young and elderly populations,
we also assessed the implications of dietary n-3 fatty acids
in modulating OS and inflammatory markers in all the
three models. Dietary n-3 fatty acids are known to possess
health beneficial effects [15], and comparing their modu-
latory effects in these experimental models will potentially
exploit its utilization as an adjunct therapy under these
metabolically challenged conditions. The oxidative de-
fense mechanism and inflammatory responses are tightly
controlled processes, and its dysfunction causes irrevers-
ible damages to tissues. One of them manifests before or
after the other, but when one manifests, the others most
likely appear. The severity of the tissue damage may de-
pend on the cumulative effect of both the processes and
also the priming effect of the one that appears first. Hence,
the inception of hyperglycemia under preexisting dyslipid-
emia may pose a greater consequence on the OS and
inflammatory markers. Understanding the implications of
such co-existing risks on the level of OS and inflammatory
markers may aid in designing an effective therapy com-
prising anti-oxidants and anti-inflammatory molecules.
Our earlier studies have demonstrated that dyslipidemia
induces dysfunction in the oxidative defense mechanism
and regulation of inflammation in young rats [16, 17],
while the present study established that aged rats exhibited
a higher level of OS and inflammation when compared to
younger rats subjected to high-fat induced dyslipidemia for
a similar duration.

Further, the onset of hyperglycemia in dyslipidemic
rats aggravated the OS and inflammatory markers

Table 4. Serum Eicosanoid Level

Parameters PGE, (ng/mL) LTB, (ng/mL) LTC, (ng/mL)

Model Model Model
Dietary group YD AD YDD YD AD YDD YD AD YDD
Control 6.8+0.5 8.7+0.5° 6.4+2.5" 1.34+0.2° 1.9+0.03°  13+02°  08+0.09° 12+0.1°  0.8+0.08
HFL 18.1+0.7°  22.6+0.7°  29.5+0.8  3.1+0.10° 4.0+03° 6.7+03°  1.7+02° 25+02° 43+03°
HF + CNO 129408  16.1+0.8°  188+0.7°  1.0+0.1° 22+0.1° 3.1+402° 1.1+£0.06°  19+0.1° 2.8+0.2°
HF + FO 8.5+0.6° 104+0.7°  13.6+1.1° 12+0.12*  1.9+0.09° 21+02° 09+0.05  14+0.1° 1.9+02°

Values are mean + SD of 3 rats expressed in nanograms per milliliter serum. Values not sharing a common superscript within the row under each parameter are

statistically significant at p <0.05

HFL high-fat lard, HF + CNO high-fat canola oil, HF + FO high-fat fish oil, YD young dyslipidemic, AD aged dyslipidemic, YDD young dyslipidemic +

diabetic
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compared to the level found in dyslipidemic rats. Metabol-
ic syndrome is characterized by the augmented production
of reactive oxygen species and lipid peroxidation resulting
in lowered anti-oxidant protection [18]. The induction of
hyperglycemia in dyslipidemic rats with the aim to quan-
tify the per se effect of hyperglycemia on OS and inflam-
mation revealed that hyperglycemia caused a greater flux
in these parameters when compared to only dyslipidemic
rats. For instance, the lipid peroxidation of HFL groups in
YD and YDD models were higher than that of their corre-
sponding control groups by 225 and 480% respectively,
and a similar trend was observed with nitric oxide and
protein carbonyl level. Even though the level of lipid
peroxides, nitric oxides, and protein carbonyls was found
to be higher in the experimental groups fed n-3 fatty acids,
the enhanced activity of anti-oxidant enzymes may even-
tually diminish their deleterious effects [16].

The heightened response by aged rats to diet-induced
dyslipidemia may involve immune system remodeling
resulting in an increased inflammatory response. The prev-
alence of chronic low-grade inflammation which is associ-
ated with aging is marked by a two- to fourfold increase in
serum levels of inflammatory mediators [19]. With increas-
ing age, there is a decrease in the population of dendritic
cells and naive T cells, and to fill the space, as a compen-
satory mechanism, there will be an expansion of activated
T cells and cytotoxic (CD8+) cells [20]. Enhanced macro-
phage activity can increase the pro-inflammatory cytokine
production tilting the balance towards pro-inflammatory
milieu [21]. This probably may be the reason for the
elevated production of the pro-inflammatory cytokines as
well as eicosanoids in the AD rats when compared to the
YD rats. Incorporation of n-3 fatty acids (ALA and EPA +
DHA) in the diet effectively downregulated the inflamma-
tory eicosanoid and cytokine level in all the three rat
models. It was observed that the trend of change in levels
of OS markers between YD and AD rat models and also
YD and YDD rat models hold for inflammatory markers as
well. Our findings are in accordance with other investiga-
tions among elderly subjects whose diets lack n-3 fatty acid
that results in a generation of an elevated level of pro-
inflammatory markers [15, 22, 23]. The converse was true
for n-3 fatty acids, which were associated with lower
inflammation and serum cytokine levels [24].

CONCLUSION

The comparative assessment in three different rat
models indicated that aging and hyperglycemia onset
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intensified the OS and inflammatory markers under dyslip-
idemic conditions. The restorative potential of dietary EPA +
DHA was found to be superior when compared to dietary
ALA in all three models assessed in this study. However, the
molecular and epigenetic phenomena governing these
changes in young and aged groups and also enzymatic
aberrations incurred due to the onset of hyperglycemia under
dyslipidemic conditions need to be further explored.

ACKNOWLEDGMENTS

Ms. Pooja Acharya acknowledges the Council of
Scientific and Industrial Research (CSIR), New Delhi, for
the award of Senior Research Fellowship.

FUNDING

This study was funded by 12th 5-year plan project
BSC 0404 (Nutri-ARM) from the Council of Scientific and
Industrial Research, New Delhi, India.

COMPLIANCE WITH ETHICAL STANDARDS

Conflict of Interest. The authors declare that they have
no conflict of interest.

Ethical Approval. All the experimental procedures
performed in studies involving animals were in
accordance with the ethical standards of CSIR-Central
Food Technological Research Institute, Mysore, India.
The experimental protocols involving animals were ap-
proved by the Institutional Animals Care and Use Com-
mittee (Approval Number [AEC No.311/14).

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and institu-
tional affiliations.

REFERENCES

1. Lamharzi, N., C.B. Renard, F. Kramer, S. Pennathur, J.W. Heinecke,
A. Chait, and K.E. Bornfeldt. 2004. Hyperlipidemia in concert with
hyperglycemia stimulates the proliferation of macrophages in ath-
erosclerotic lesions: potential role of glucose-oxidized LDL. Diabe-
tes 53: 3217-3225.

2. Neha, J.P,, P. Michael, and A.D. Sniderman. 2016. The enigma of
glucose and lipid metabolism. JAMA Cardiology 1: 145-146.



952

Parhofer, K.G. 2015. Interaction between glucose and lipid metab-
olism: more than diabetic dyslipidemia. Diabetes and Metabolism
Journal 39: 353-362.

Harcourt, B.E., S.A. Penfold, and J.M. Forbes. 2013. Coming full
circle in diabetes mellitus: from complications to initiation. Nature
Reviews Endocrinology 9: 113—123.

Malek, M., R. Aghili, Z. Emami, and M.E. Khamseh. 2013. Risk of
cancer in diabetes: the effect of metformin. https://doi.org/10.1155/
2013/636927.

Vikram, A., G. Jena, and P. Ramarao. 2010. Insulin-resistance and
benign prostatic hyperplasia: the connection. European Journal of
Pharmacology 641: 75-81.

Surapon, T. 2015. Oxidative stress, insulin resistance, dyslipidemia
and type 2 diabetes mellitus. World Journal of Diabetes 6: 456—480.
Poulose, N., and R. Raju. 2015. Aging and injury: alterations in
cellular energetics and organ function. Aging and Disease 5: 101—
108.

Morrison, W.R., and L.M. Smith. 1964. Preparation of fatty acid
methyl esters and dimethylacetals from lipids with boron fluoride—
methanol. Journal of Lipid Research 5: 600—608.

Ohkawa, H., N. Ohishi, and K. Yagi. 1979. Assay for lipid peroxides
in animal tissues by thiobarbituric acid reaction. Analytical Bio-
chemistry 95: 351-358.

Green, L.C., D.A. Wagner, J. Glogowski, P.L. Skipper, J.S.
Wishnok, and S.R. Tannenbaum. 1982. Analysis of nitrate, nitrite,
and [15N] nitrate in biological fluids. Analytical Biochemistry 126:
131-138.

Mesquita, C.S., R. Oliveira, F. Bento, D. Geraldo, J.V. Rodrigues,
and J.C. Marcos. 2014. Simplified 2, 4-dinitrophenylhydrazine spec-
trophotometric assay for quantification of carbonyls in oxidized
proteins. Analytical Biochemistry 458: 69-71.

Savji, N., C.B. Rockman, A.H. Skolnick, Y. Guo, M.A. Adelman, T.
Riles, and J.S. Berger. 2013. Association between advanced age and
vascular disease in different arterial territories: a population database
of over 3.6 million subjects. Journal of American College of Cardi-
ology 61: 1736-1743.

Liu, K., M.L. Daviglus, C.M. Loria, L.A. Colangelo, B. Spring,
A.C. Moller, and D.M. Lloyd-Jones. 2012. Healthy lifestyle through
young adulthood and the presence of low cardiovascular disease risk
profile in middle age. Circulation 125: 996-1004.

15.

16.

17.

19.

20.

21.

22.

23.

24.

Acharya, and Talahalli

Yusof, HM., E.A. Miles, and P. Calder. 2008. Influence of very
long-chain n-3 fatty acids on plasma markers of inflammation in
middle-aged men. Prostaglandins Leukotrienes Essential Fatty
Acids 78: 219-228.

Ramaiyan, B., S. Bettadahalli, and R.R. Talahalli. 2016. Dietary
omega-3 but not omega-6 fatty acids down-regulate maternal dys-
lipidemia induced oxidative stress: a three generation study in rats.
Biochemical Biophysical Research Communications 477: 887-894.
Breetha, R., and T.R. Ramaprasad. 2018. Dietary n-3 but not n-6
fatty acids down-regulate maternal dyslipidemia induced inflamma-
tion: a three-generation study in rats. Prostaglandins Leukotrienes
Essential Fatty Acids 135: 83-91.

Grattagliano, 1., V.O. Palmieri, P. Portincasa, A. Moschetta, and G.
Palasciano. 2008. Oxidative stress-induced risk factors associated
with the metabolic syndrome: a unifying hypothesis. Journal of
Nutritional Biochemistry 19: 491-504.

Vasto, S., G. Candore, C.R. Balistreri, M. Caruso, G. Colonna-
Romano, M.P. Grimaldi, F. Listi, D. Nuzzo, D. Lio, and C. Caruso.
2007. Inflammatory networks in ageing, age-related diseases and
longevity. Mechanisms of Ageing and Development 128: 83-91.
Shodell, M., and F.P. Siegal. 2002. Circulating, interferon-producing
plasmacytoid dendritic cells decline during human ageing. Scandi-
navian Journal of Immunology 56: 518-521.

Franceschi, C., M. Bonafe, S. Valensin, F. Olivieri, M. De Luca, E.
Ottaviani, and G. De Benedictis. 2008. Inflammaging: An evolu-
tionary perspective on immunosenescence. Annals of the New York
Academy of Sciences 908: 244-254.

Kiecolt-Glaser, J.K., M.A. Belury, R. Andridge, W.B. Malarkey,
B.S. Hwang, and R. Glaser. 2012. Omega-3 supplementation lowers
inflammation in healthy middle-aged and older adults: a randomized
controlled trial. Brain, Behavior and Immunity 26: 988-995.
Penninx, B.W., S.B. Kritchevsky, K. Yaffe, A.B. Newman, E.M.
Simonsick, S. Rubin, L. Ferrucci, T. Harris, and M. Pahor. 2003.
Inflammatory markers and depressed mood in older persons: results
from the health, aging and body composition study. Biological
Psychiatry 54: 566-572.

Calder, P.C. 2013. Omega-3 polyunsaturated fatty acids and inflam-
matory processes: nutrition or pharmacology? British Journal of
Clinical Pharmacology 75: 645-662.


http://dx.doi.org/10.1155/2013/636927
http://dx.doi.org/10.1155/2013/636927

	Aging...
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Diet and Animal Feeding
	Measurement of Oxidative Stress Markers
	Measurement of Inflammatory Markers
	Statistical Analysis

	RESULTS
	Serum Oxidative Stress Markers
	Serum Cytokine Level
	Serum Eicosanoid Level

	DISCUSSION
	CONCLUSION
	References



