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Fish oil diet may reduce
inflammatory levels in the liver of
middle-aged rats
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 Theimpact of dietary soybean oil, lard and fish oil on physiological responses in middle age is little
. studied. In this study, we investigated the changes of oxidative stress, inflammatory cytokines,
. telomere length, and age-related gene expression in the liver of middle-aged rats in response to the
. above three fat diets. Male Sprague Dawley rats (12 months old) were fed AIN-93M diets for 3 months,
in which soybean oil was equivalently replaced by lard or fish oil. As compared to the lard diet, intake
. offish oil diet significantly decreased body weight gain, white blood cell count, and levels of hepatic
. triacylglycerol, total cholesterol, fat accumulation, low-density lipoprotein, oxidative stress and
inflammatory cytokines (P < 0.05), but increased telomere length (P <0.05). On the other hand, lard
diet and soybean oil diet showed great similarity in the above variables. PCR array analysis further
indicated that fish oil diet significantly down-regulated gene expression related to inflammatory
response, apoptosis, DNA binding, proteostasis and telomere attrition. Differentially expressed
genes were enriched in the complement and coagulation cascades pathways. Such physiological and
molecular responses could be due to different fatty acid composition in fish oil, lard and soybean oil.

Fat is an important component of human diet and its nutritional value is largely dependent on the fatty acid
: composition'. Different sources of fat have different applications. Lard was mainly applied to bakery and food
* homemaking in western countries many years ago and it has been replaced by plant oils, including soybean,
sunflower and olive oils in terms of health concerns®*. However, lard is still widely consumed in some developing
countries. Some people even believe that lard is not bad as we image*. Fish oil is usually applied as a supplement
agent because it contains high levels of n-3 fatty acids and can prevent some diseases’.
Fatty acid composition in fat diets has been shown associated with oxidation and inflammation. Saturated
. fatty acids (SFAs) are more resistant to oxidation because they do not contain unsaturated bonds. However,
. high-saturated-fat diets may increase the risk to inflammation level in murine models®. On the other hand, n-3
. polyunsaturated fatty acids (PUFAs) have anti-oxidative activity because NF-kB pathway can be inhibited by
- eicosahexaenoic acid (EPA), docosahexaenoic acid (DHA) and their metabolites”. The deficiency of n-3 PUFAs
may promote lipogenic gene expression and hepatic steatosis through the liver X receptor®. On the contrary,
: n-6 PUFA-rich diets may lead to higher levels of lipid peroxidation and DNA oxidative breaks in rat tissues and
* blood during aging, while MUFA-based diets showed less oxidation®. The n-3 PUFAs are thought to systemi-
. cally decrease inflammatory responses by down-regulating inflammatory gene expression via NF-xB inactiva-
. tion'. However, n-6 fatty acids, in particular to linoleic acid (18:2 n-6), may exert a pro-inflammatory effect!".
: Monounsaturated fatty acids (MUFAs), including oleic acid (OA), have been shown to play a dual role in inflam-
mation® 214,
: Oxidative stress has been recognized as a critical contributor to many physiological changes, in particular to
. the aging process'> %, which is characterized as a chronic and subclinical inflammatory state'”. The aging process
is normally accompanied with genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
° mitochondrial dysfunction and cellular senescence'®. Middle age is an earlier stage of the aging process, during
. which gradual physical changes and some chronic illness may occur®. Such changes would affect the outcomes
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Figure 1. Hepatic fat accumulation of rats fed with soybean oil, lard and fish oil diets. (a) Hepatic section
stained with Oil Red O from the soybean oil group. (b) Hepatic section stained with Oil Red O from the lard
group. (c) Hepatic section stained with Oil Red O from the fish oil group. Adipocytes were stained red and
nuclei were stained blue. (Magnification x200). (d) Hepatic triacylglycerol and total cholesterol. Values are
shown as means =+ SE (n=11). Different letters indicate significant difference (P < 0.05).

Average daily feed intake (g) | 21.74+0.96* 23.314+0.81* 24.124+0.64*
Initial body weight (g) 784.40+13.35" | 800.60£11.49° | 816.20£16.29*
Final body weight (g) 881.10+£17.49* | 933.204+21.10° | 900.00+16.79*
Body weight gain (g) 96.70 +6.98" 132.60£11.73* | 83.80+7.16"
Liver index (mg/g) 24.42+0.39° 26.1740.58* 23.58 +0.57°

Table 1. Food intake, body weight gain and indices of rats after feeding for 3 months (means =+ standard errors,
n=11).

at old ages®. Many studies have emphasized the impact of diets on aging. However, few data are available on the
impact of dietary fats on physiological responses at middle ages.

To this end, we investigated how intake of soybean oil, lard and fish oil affected oxidative and inflammatory
status, age-related gene expression, telomere length and other related parameters of middle-aged rats. The under-
lying mechanism was also proposed.

Results

Fat accumulation. Histological observations with Oil Red O staining indicated that the quantity and size
of hepatic fat droplets in the lard group were greater than those in the soybean oil and fish oil groups (Fig. la—c).
Correspondingly, hepatic triacylglycerol (TAG) and total cholesterol (TC) in the lard group were significantly
higher than those in the fish oil group (Fig. 1d, P < 0.05). No significant difference existed between the lard group
and the soybean oil group (Fig. 1d, P> 0.05). The lard group also showed greater body weight gain and liver index
than the fish oil and soybean oil groups (P < 0.05, Table 1), although the actual body weight and feed intake were
not significantly different among the three diet groups (P> 0.05, Table 1). In blood, TAG, TC and low-density
lipoprotein (LDL) were higher in the lard group than those in the fish oil and soybean oil groups (P < 0.05,
Table 2). Insulin resistance index was not significantly different among the three diet groups (P > 0.05).

Oxidative status. Catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-PX),
and total antioxidant capacity (T-AOC) were analyzed to indirectly evaluate reactive oxidative species (ROS)
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Items Soybean oil Lard Fish oil

Glu (mmol/L) 5.27+0.20° 547+027° | 4.8940.18

TAG (mmol/L) 1.59+0.11° 1.9940.14° 1.0940.13¢

TC (mmol/L) 3.06+£0.12° 3.50+0.17* 2.76£0.11°

HDL (mmol/L) 1.20+0.06* 1.0240.04° 1.00+0.05°

LDL (mmol/L) 1.6840.06" 1.944+0.09° 1.48+0.06

White blood cell count (WBC, 10°/L) | 8.88+0.51° 10.68+£0.70* | 8.20+0.28"

Insulin resistance index (IRI) 13.96 +£2.47* 15.16 +1.55* 12.294+1.09*

Table 2. Blood parameters of rats fed with soybean oil, lard or fish oil diets (means -+ standard errors, n=11).
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Figure 2. Antioxidant enzyme activities level of rats fed with soybean oil, lard and fish oil diets. (a) Catalase
activity; (b) Superoxide dismutase activity; (c) Glutathione peroxidase activity; (d) Total antioxidant capacity.
Values are shown as means =+ SE (n=11). Different letters indicate significant difference (P < 0.05).

production in the liver (Fig. 2). The activities of SOD and T-AOC in the fish oil group were higher than those of
the lard group (P < 0.05, Fig. 2b and d). Although a strict Student-Newman-Keuls test indicated no significant
difference in CAT and GSH-Px activities among three diet groups (P >0.05, Fig. 2a and c), the moderately strict
Duncan’s multiple comparisons showed a significant difference in CAT and GSH-Px activities between fish oil
and lard groups (Figure S1). The soybean oil group did not exhibit any significant difference in these variables
from the fish oil group (P> 0.05, Fig. 2). This indicates that intake of lard may impair the antioxidant activity to
a greater extent than fish oil.

Inflammatory status. White blood cell count (WBC) in the soybean oil and fish oil groups were signifi-
cantly lower than the lard group (P < 0.05, Table 2). The RT-PCR results indicated that mRNA levels of NF-xB,
IL-1f, IL-6 and TNF-« were lower in the fish oil group than those in the lard group (P < 0.05, Fig. 3). No
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Figure 3. Hepatic mRNA levels of inflammatory cytokines of rats fed with soybean oil, lard and fish oil diets.
(a) NF-kB; (b) IL-16; (c) IL-6; (d) TNE-a. The mRNA levels were determined by RT-PCR. Different letters
indicate significant difference (P < 0.05).

significant difference was observed in NF-xB and IL-6 mRNA levels between the soybean oil group and the fish
oil group (P> 0.05, Fig. 3a and c). The IL-103 and TNF-a mRNA levels did not differ between the soybean oil
group and the lard group (P> 0.05, Fig. 3b and d).

Aging-related gene expression.  Asshown above, intake of lard induced the middle-aged rats to substan-
tially different physiological responses from the other two fat diets. To further explore the underlying molecular
mechanisms, aging-related PCR array analyses were performed and mRNA data were compared in which the
lard group was set as control. The results revealed that 41 and 32 genes were down-regulated in the fish oil group
and the soybean oil group, respectively, as compared to the lard group (P < 0.05, Fig. 4a and b). Of these genes,
caspase 1 and clqc showed the greatest changes in the soybean oil group (actual change folds were —3.83 and
—3.76, respectively, Fig. 4a). In the fish oil group, the absolute change folds of 20 genes were greater than 2.0
(Fig. 4b). The Venn plot further indicated that 12 and 21 differentially expressed genes in the soybean oil group
and the fish oil group were specific for the diets, respectively (Fig. 4c). In addition, forkhead box O 1 (FOXO1)
was down-regulated by 1.35 folds in the soybean oil group (P>>0.05) and 2.13 folds in the fish oil group(P < 0.05).

Gene set analysis of PCR array data demonstrated that 16, 3, 2, 4 and3 of 32 differentially expressed genes in
the soybean oil group genes were related to inflammatory responses, apoptosis, DNA binding, proteostasis and
telomere attrition, respectively (Fig. 4d). The gene set enrichment analysis further indicated that those genes were
involved in the pathways of complement and coagulation cascades, oxidative damage, complement activation and
toll-like receptor signaling (Supplementary Table S1). Of 41 differentially expressed genes in the fish oil group, 19,
2,2, 3,2,2and 4 genes were associated with inflammatory responses, apoptosis, DNA binding, telomere attrition,
laminopathies, neurodegeneration, oxidative stress and mitochondrial dysfunction respectively (Fig. 4e). The
enrichment analysis matched these genes with six pathways, i.e., complement and coagulation cascades, oxidative
damage, complement activation, toll like receptor signaling, mitochondrial gene expression, and FAS pathway
and stress induction of HSP regulation (Supplementary Table S2).

Telomere length. Telomere length was considered as a good indicator for the aging process'®. The hepatic
absolute telomere length (aTL) was measured by RT-PCR. The results indicated that the aTL values were signifi-
cantly greater (P < 0.05, Fig. 5) for the fish oil group than those of the lard group, but no difference was observed
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Figure 4. Aging-related PCR array of rat livers in response to soybean oil and fish oil as compared to the lard
group. (a) 32 differentially expressed genes in the soybean oil group as compared to the lard group (P < 0.05);
(b) 41 differentially expressed genes in the fish oil group as compared to the lard group (P < 0.05); (¢) Venn plot
of differentially expressed genes; (d) Gene set network of hepatic aging PCR array analysis of the soybean oil
group as compared to the lard group. (e) Gene set network of hepatic aging PCR array analysis of the fish oil
group as compared to the lard group. The networks were generated by STRING10 (http://string-db.org/) and
Cytoscape 3.3.0. The node color change from blue to orange represents an increase of P value from —2.83 to
—1.20 in the soybean oil group, and —2.92 to —1.20 in the fish oil group.
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Figure 5. Hepatic absolute telomere length of rats fed soybean oil, lard and fish oil diets. Values are shown as
means & SE (n=11). Different letters indicate significant difference (P < 0.05).

for the soybean oil group from any of the other two groups (P > 0.05). Thus, intake of fish oil may retard telomere
attrition for the middle-aged rats as compared to the intake of lard.
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Discussion

Increasing evidence indicates that the type of dietary fatty acids has a certain effect on animal health by altering
lipid metabolism?'~2. For example, intake of stearic acid leads to dramatically reduced visceral fat?, even if stearic
acid can be more easily stored in liver at intermediate postprandial time points (24~48h) than linolenic or oleic
acid®. Palmitoleic acid and conjugated linoleic acid may prevent fat deposition in the liver?>?’. Furthermore,
intake of DHA and arachidonic acid (ARA) can significantly reduce hepatic weight, serum TAG and TC,
epididymal fat as compared to palmitic acid, which would be associated with enhanced fatty acid 3-oxidation,
down-regulated mRNA fatty acid synthase and sterol regulatory element binding protein-1c expression?. And
thus, intake of long-chain saturated fatty acids (the number of carbon skeletons greater than 12) may increase
lipid deposition, while monounsaturated or polyunsaturated fatty acids would inhibit lipid deposition. Such an
effect could be dependent upon the age of studied subjects and the type of fatty acids.

Age effect is relatively complex, because the level of inflammation varies greatly with age during which
Toll-like receptors (TLRs) play a critical role in the induction of inflammatory and immune responses®. In young
rats, SFAs may have a greater contribution to pro-inflammatory processes than other fatty acids, because SFAs
can be served as ligands for TLR-2 and TLR-4, resulting in induction of proinflammatory gene transcription
via activation of NF-kB signaling cascades®’. The n-6 fatty acids (e.g., linoleic acid), have been shown to exert
proinflammatory effect® and it could be converted into ARA. In young TLR4 knockout mice, EPA and DHA
were found to inhibit the TLR-4 signaling pathway. However, n-3 PUFA supplementation (1.68g EPA and 0.72¢g
DHA/d) in old subjects for 3 month showed greater potential to decrease inflammatory cytokines (IL-13, IL-6,
TNF-q) than for young ones®”. The n-3 PUFA may alleviate age-related diseases by decreasing the level of inflam-
mation®. The above results focused on the diet or age effects in different models, including high-fat-diet model.
The diet formulations were quite different from the normal diet.

Therefore, the present study was intend to reveal how fatty acids in diet affect fat accumulation, oxidative sta-
tus, inflammatory status, aging-relate gene expression and telomere length in the middle-aged rats.

Soybean oil, lard and fish oil showed significantly different fatty acid composition. Soybean oil is characterized
by high levels of n-6 PUFAs (53.67%) and fish oil contains high levels of n-3 PUFAs (15.79% in EPA and 12.28%
in DHA), while lard is largely composed of SFAs and MUFAs (43.59% and 39.99% respectively, Supplementary
Table S3). The different fatty acid composition in diets may have associations with hepatic fat accumulation as
well as body weight gain. Histological observations indicated a relatively moderate hepatic fat accumulation in
the soybean oil group compared to lard and fish oil group. OA was the most abundant MUFAs in diet and blood>.
OA can increase fat accumulation in hepatocytes by combining more specifically with acyl-CoA to form TAG
than SFAs*. In the present study, the OA contents were 23.44%, 37.81% and 17.78% in soybean oil, lard and fish
oil, respectively (Table S3). This may partially account for the highest hepatic fat accumulation and body weight
gain in the lard group. The fish oil was more competent to reduce fat accumulation and body weight gain than
soybean oil and lard just because of higher levels of n-3 fatty acids. Similar findings were observed that supple-
mentation of 5% n-3 PUFA (EPA + DHA) in diet resulted in a complementary decrease in total body weight gain
in young rats*. The n-3 PUFAs can not only increase insulin sensitivity, but also enhance lipid oxidation under
the regulation of PPAR-o/. Long-chain n-3 PUFAs, e.g. EPA and DHA in fish oil may decrease the levels of plasma
triglycerides®®*. In this regard, it seems better for fish oil to prevent fat accumulation as compared to lard and
soybean oil. This is because the deficiency of n-3 PUFAs may increase gene expression involved in lipogenesis
under the regulation of liver X receptors®. The highest liver index and body weight gain in the lard group could
be attributed to those of hepatic fat accumulation. In addition, higher SFAs in lard could cause fat accumulation.
The SFAs, e.g. palmitic acid, may inhibit autophagy by inducing caspase-dependent Beclin 1 cleavage, and speed
up the process of apoptosis®. Inhibition of autophagy in cultured hepatocytes and mouse liver might increase
lipid storage®. Reduced autophagy in the liver may contribute to hepatic fat accumulation and further increase
the incidence of metabolic syndromes in aged subjects*’. The underlying mechanism may be that autophagy can
not only decrease TAGs and lipid formation, but also increase TAG breakdown because TAGs and lipid drop-
let structural proteins co-localize in autophagic compartments®. And thus autophagy may protect against fatty
acid-induced lipotoxicity, including aging and metabolic disorders®® *!. Autophagy also preserved a subset of old
haematopoietic stem cells from replication stress by preventing entry into an activated state, which may improve
old haematopoietic stem cell function therefore improve health and longevity*. The associations between auto-
phagy and intake of soybean oil, lard and fish oil need further studies. Transmission electron microscopy and
quantification of Atg8/LC3 and Atg6/Beclinl might be useful ways to monitor autophagy*.

It has been recognized that western-style diets, which are characteristic of high levels of n-6 PUFAs, SFAs
and trans fatty acids but low levels of n-3 PUFAs, may be associated with an increasing incidence of metabolic
syndromes that were induced by inflammatory responses*. However, substitution of SFAs with MUFAs would
reduce inflammatory responses®, and a MUFA-enriched Mediterranean diet can reduce the incidence of meta-
bolic syndromes?>.

Inflammation could be induced by ROS, which are produced during the process of oxidative phosphorylation.
However, ROS are essential for several physiological functions, e.g., maintaining immune function and acting
as regulatory mediators in signaling processes!® *°. Antioxidant systems play a role in reducing the ROS to a
balanced level, and the major antioxidant systems are CAT, SOD and GSH-PX*. The fish oil group showed the
lowest level of oxidative stress and the highest antioxidant activities in the liver. The soybean oil group showed
a great similarity to the fish oil group in the levels of oxidative stress and antioxidant activities. This is because
n-3 fatty acids can increase CAT and SOD activities*’. Supplementation with adequate c-linolenic acid (ALA) or
EPA + DHA increased hepatic SOD activity in young rats*. It was also reported that EPA or DHA supplementa-
tion enhanced the total anti-oxidant status and resistance to lipid peroxidation in young rats**. ROS may induce
the oxidization of DNA, proteins and lipids during the progression of chronic inflammatory and degenerative dis-
eases'’. NF-kB is a transcription factor that plays an important role in various inflammatory signaling pathways.
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It regulates several cytokines, chemokines, adhesion molecules and inducible effector enzymes®. The n-3 fatty
acids may inhibit NF-kB activation’. Glutathione would enhance the n-3 PUFA-induced inhibition to NF-kB
activation®!. SFAs in lard may activate toll-like receptor 4 (TLR4) and NF-kB>2. NF-kB -induced proteins include
COX-2, TNF-q, IL-16, and IL-6, which are in turn potent NF-&B activators, forming an auto-activation loop®.
Lower NF-kB mRNA level in the soybean oil group was probably due to lower SFAs (16.87%) compared to the
lard group (43.59%). A human study confirmed that natural killer cell activity and in vitro secretion of IL-13 and
TNF-« in young healthy men were significantly reduced by supplementation with 6 g DHA/d for 90 d**.

In the present study, dietary fats triggered significant phenotype changes of inflammation in middle-aged rats.
The rats fed lard seemed more susceptible to inflammation by counting white blood cells and platelets than those
of soybean and fish oils. In fish oil, a relatively high level of palmit oleic acid (16:1) could be involved in the regu-
lation of insulin sensitivity, the inhibition of inflammation and the prevention of fat accumulation in the liver®.
In addition, ARA can be converted to prostaglandins and leukotrienes that are important pro-inflammatory
mediators and can induce ROS production®. Linoleic acid in soybean oil can be converted to ARA>. Moreover,
supplementation with olive oil (high in OA) may cause severe inflammation by up-regulating intrahepatic gene
expression of proinflammatory molecules'?. Higer oleic and linoleic acids in soybean oil might induce greater
level of inflammation than fish oil.

The higher level of LDL in the lard group could be associated with inflammation. LDL is rich in cholesterol
and cholesteryl ester, which are easily oxidized and aggregated. Oxidized LDL would induce TLR4-mediated
signaling pathway (CD36-TLR4-TLR6 inflammasome), and activate NF-xB and Pro-IL-13 that can be cleaved
by caspase 1 to IL-10 and further induces inflammation®®.

PCR array results further confirmed that dietary fats induced different levels of inflammation. As compared to
the lard group, intake of soybean oil caused the down-regulation of 16 genes involved in inflammatory response,
and 19 inflammation-related genes. The pathway enrichment analysis indicated that intake of soybean and fish
oils might reduce inflammatory response by down-regulating gene expression involving complement activa-
tion and toll-like receptor signaling. In addition, genes involving oxidative stress and mitochondrial dysfunc-
tion were also down-regulated in the fish oil group, and this was in line with the changes of hepatic antioxidant
enzyme activities. The intakes of soybean and fish oils resulted in the down-regulation of FOXO 1, which might
be due to less hepatic fat accumulation, and thus decrease the insulin level. However, higher insulin may activate
NE-kB by the phosphorylation of FOXO via the PI3K/Akt signaling pathway, and result in the down-regulation
of MnSOD and CAT. This would increase ROS level, which may in turn activate NF-kB, and as a result, increase
inflammation®.

Oxidative-stress-induced inflammation is commonly accompanied with telomere dysfunction'’. Telomeres
are long hexamer (TTAGGG) repeats that protect the genome against chromosomal instability and cellular senes-
cence”. Exogenous and endogenous ROS can cause telomere attrition and senescence®. Senescence would com-
promise tissue repair and regeneration, and further induce tissue and organism to aging. Telomere length (TL) is
considered a potential biomarker of aging®'. In the present study, the fish oil group had higher aTL than the lard
group, indicating that fish oil may prevent DNA damage. This could be attributed to the roles of n-3 PUFAs®.
Docosapentaenoic acid (DPA) and EPA were also shown to exert a protective effect in old rats by significantly
decreasing age-related microglial activation and 8-OHdG (marker of DNA oxidative damage) compared to the
young®. During aging, inflammation and ROS may activate caspase and further induce cellular apoptosis and
senescence®®. Caspase 1 (CASP 1) and clusterin (CLU) can activate apoptosis. Lower CASP I and CLU mRNA
levels were observed in the fish oil and soybean oil groups, which is indicative of less senescence. Age-related
ROS generation can stimulate NF-kB activation, and ROS production may be in turn activated by cellular senes-
cence®. The present study also showed that the genes related to DNA binding, apoptosis, proteostasis, laminopa-
thies and neurodegeneration were down-regulated by intake of fish oil. In this regard, the substitution of lard for
fish oil may retard the aging process at middle ages.

It is noting that effect of dietary fats on inflammation at normal dose was relatively small. However, the diet
effect may be enhanced if diet fat dose increases. Even so, the present study still provided significant results of
some physiological responses. To a certain extent, the results reflected gradual oxidative stress and inflammation
induced by diet fats at middle ages. Further work should be done to compare diet fat effects among young, middle
and old ages, and to evaluate the diet effect at higher doses, In addition, autophagy-related markers should be
quantified to evaluate whether different source of fats induce autophagy at middle ages.

In summary, an underlying mechanism for the fat-induced oxidation-inflammation in middle-aged rats was
proposed (Fig. 6). Fat accumulation may increase ROS production, which can induce the oxidation of proteins,
lipids, and DNA, and consequently the cellular apoptosis, senescence and aging. SFAs, oxidized fatty acids and
n-6 PUFAs in diets could be transported into the cytoplasm by TLRs, and then activate NF-«B and induce inflam-
mation. However, n-3 PUFAs could suppress TLR-induced NF-xB activation. ROS may directly activate NF-xB,
and induce CASP-1 to cleaving pro-IL-10 to produce IL-103. TNF-q, IL-6 and IL-1(3 could in turn activate NF-xB
and further aggravate pro-inflammation. TNF-q, apoptosis and senescence would induce the ROS production.
In addition, insulin could activate FOXO 1, but inhibit MnSOD and CAT, and as a consequence enhancing ROS
production.

Materials and Methods

Ethics statements and animals. Animal experimental protocols were reviewed and approved by the
Ethical Committee of Experimental Animal Center of Nanjing Agricultural University. All experiments were
performed in accordance with the relevant guidelines and regulations of the Ethical Committee of Experimental
Animal Center of Nanjing Agricultural University, and all efforts were made to minimize animal pains. Thirty-
three male Sprague Dawley rats (800.4 £ 8.08 g, 12 months of age) were purchased from the Academy of Military
Medical Science Laboratory Animal Center (Beijing, P.R. China, SCXK < Jun >2012-0004). All the rats were

SCIENTIFICREPORTS |7:6241| DOI:10.1038/s41598-017-06506-3 7



www.nature.com/scientificreports/

Fat Accumulation FA n-3

\’ SFA

Vicious Cycles

DNA

Cellular Ap is and S

Aging

Figure 6. A proposed underlying mechanism for fat-induced oxidation/inflammation/aging. ROS, reactive
oxygen species; FA: fatty acids; n-3: n-3 fatty acids; n-6: n-6 fatty acids; SFA: saturated fatty acid; TLR: toll- like
receptor; NF-kB: nuclear transcription factor kB; FOXO 1: fork head box O 1; Pro-IL-103: pro-interleukin 1f3;
MnSOD: Mn superoxide dismutase; CAT: catalase; IL-6: interleukin 6; TNF-c: tumor necrosis factor o; IL-13:
interleukin 13; purple line indicates the CASP-1 mediated pathway; green line indicates the insulin-induced
pathway; red line indicates TNF-q, cellular apoptosis and senescence pathways which increase ROS production;
blue dot line indicates auto-activation loop induced by IL-6 and IL-103.

housed individually in plastic cages in a specific pathogen-free animal center (SYXK < Jiangsu > 2011-0036). The
room was kept at a temperature of 20 & 0.5 °C and humidity of 60 £ 10% on a 12h light-dark schedule. All the rats
were given free access to diets and water.

Diets. The diets were formulated according to the AIN-93M protocol and prepared by Trophic Animal Feed
High-Tech Co., Ltd (Nantong, China). The diets differed in the nature of the fats, which were soybean oil, lard
and fish oil. Soybean oil was purchased from Shanghai Jiali Oil Industry Co. Ltd (Shanghai, China), and lard was
obtained from Tianjin Lihongde Fat Products Inc. (Tianjin, China). Fish oil was obtained from Rongcheng Ayers
Ocean Bio-technology Co, Ltd (Weihai, China). The fatty acid profiles of three fats are shown in Table S3. The
diets were formulated as (per 1000 g diet): 465.69 g cornstarch, 140.0 g casein, 155.0 g dextrinized cornstarch,
100.0 g sucrose, 40.0 g soybean oil, lard or fish oil, 50.0 g fiber, 1.8g L-cystine, 2.5 g choline bitartrate, 10.0 g vita-
min mixture, 35.0 g mineral mixture and 0.014 g tertbutylhydroquinone. The diets were vacuum packaged, stored
at —20°C and allowed to reach room temperature before being served.

Animal feeding and sampling. The rats were randomly assigned to one of the three diet groups, i.e. soy-
bean oil, lard and fish oil (n =11, each). Feed intake was recorded daily and body weights were recorded weekly.
After 90-day feeding, all rats were decapitated. Blood was collected into EDTA-Na, treated tubes and plasma was
centrifuged at 1750 x g for 10 min. The liver was weighed and the largest hepatic lobe was cut into 5 10 x 10 mm
cubes at the same part. One cube was fixed in 4% paraformaldehyde for Oil Red O staining, and the other cubes
were snap-frozen and stored at —80 °C until analysis.

Hepatic fat accumulation analysis.  After 12h fixation in 4% paraformaldehyde at 4 °C, the liver sam-
ples were embedded in paraffin and 10 pum - thick sections were cut. The sections were stained with Oil Red O
according to the procedures of Goto-Inoue et al.*. The sections were examined under a light microscope with a
magnification x 200. Triacylglycerol and total cholesterol were analyzed with commercial kits according to the
manufacturer’s protocols (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Blood profiling analysis. Plasma parameters were measured under an automatic biochemical analyzer
(DXC — 800, Beckman Coulter Inc., Fullerton, CA, USA) and an automatic hematology analyzer (SYSMEXLAS,
Sysmex Corporation, Kobe, Japan). Insulin was determined with a radioimmunoassay kit according to the man-
ufacturer’s instruction (Beijing North Institute of Biological Technology Company, Beijing, China). IRI was cal-
culated as follows®:

IRI = (fasting insulin in mU/L x fasting glucose in mM)/22.5. (1)

Hepatic oxidative stress analysis. Liver samples (0.5 g) were homogenized in 4.5 mL ice-cold physio-
logical saline for 1 min and then centrifuged (2700 x g, 4°C, 10 min). The supernatants were aliquoted and the
enzymatic activities of CAT, SOD, GSH-PX, and T-AOC were analyzed with commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the manufacturer’s protocols.
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RNA isolation and RT- PCR analysis of inflammatory cytokines. Total RNA was extracted from
liver samples using RNeasyPlus Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’ instruc-
tions. The purity and quantity of total RNA were measured by a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) at 260 and 280 nm. The integrity of RNA samples was evaluated by aga-
rose gel electrophoresis. First-strand cDNA was synthesized from 250 ng of total RNA using RT? First Stand kit
(Qiagen, Hilden, Germany) in a Veriti® Certified Refurbished Thermal Cycler (Thermo Scientific, USA) accord-
ing to the manufacturer’s instructions. The RT-PCR reactions were run using SYBR Premix Ex Taq Kit (Takara
Biotechnology Co. Ltd., China) in QuantStudio™ 6 Flex Real-Time PCR System (Thermo Scientific, USA).
Primers were designed according to the public database at the National Center for Biotechnology Information
(NCBI) (http://www.ncbi.nlm.nih.gov/RefSeq/) and were synthesized by Sangon Biotech Co., Ltd (Sangon,
Shanghai, China). Primers used for RT-PCR were presented in Supplementary Table S4. The amplification was
performed in a total volume of 20 uL, containing 10 pL of SYBR Premix Ex Taq, 0.4 pL of each primer (10 pM),
0.4pL of ROX Reference Dye II (Takara Biotechnology Co. Ltd., China), 2 L of cDNA and 6.8 pL of sterilized
doubled-distilled water. The RT-PCR program was as follows: 95 °C for 10 min, 35 cycles of 95°C for 305, 60°C
for 30s and 72°C for 305, holding at 72 °C for 10 min, and the fluorescence signals were collected at 60 °C. Each
sample was performed in triplicate. Relative mRNA levels were calculated using the 222 method. 3-actin was
applied as reference gene to determine NF-xB, IL-13 and TNF-a levels, and GADPH was applied to determine
IL-6 level.

Aging - related RT-PCR array analysis. After RNA isolation of liver and first-strand cDNA synthesis
(see subsection “RNA isolation and RT-PCR analysis of inflammatory cytokines”), a RT* Profiler™ PCR array
rat aging kit (330231 PARN-178ZA, Qiagen, Hilden, Germany) and a RT?> SYBR Green ROX qPCR kit (330522,
Qiagen, Hilden, Germany) were applied to evaluate aging-related gene expression on an ABI 7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’ protocols. All RNA
samples were normalized to 250 ngbefore first-strand cDNA synthesis. The RT? Profiler PCR array profiled the
expression of 84 target genes besides housekeeping and control genes (Supplementary File S1). The RT-PCR
cycling conditions were as follows: 95 °C for 10 min, 40 cycles of 95°C for 155, 60 °C for 1 min, 95 °C for 1 min,
and 65 °C for 2min to collect fluorescence signals. Differentially expressed genes were obtained by using an online
program (Geneglobe; Qiagen, Redwood City, CA; http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.
php) in which the lard group was set as control, and RPLPI was set as housekeeping gene for normalization.
The genes with greater than 1.2-fold changes were defined as differentially expressed genes. The protein-protein
interactions of significant gene products were evaluated by the STRING 10 (http://string-db.org/) and visualized
by the Cytoscape 3.3.0.

Telomere length. Absolute telomere length (aTL) was measured with a RT-PCR method according to
O’Callaghan and Fenech®® with minor modifications. Briefly, DNA was isolated with a QIAamp DNA mini
kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocols. The RT-PCR reactions were run in
QuantStudio™ 6 Flex Real-Time RCR System (Thermo Scientific, Carlsbad, USA) using a SYBR Premix Ex Taq
Kit (Takara Biotechnology Co. Ltd., China). The cycling profile consists of denaturation at 95°C for 10 min, dena-
turation at 95°C for 155, annealing at 60 °C for 60's, extension at 72 °C for 30, holding at 72 °C for 10 min with
data collection, and 40 cycles with fluorescence data collection. Standard oligomers and primers were shown in
Supplementary Table S5. The aTL was calculated as follows:

aTL = amount of telomere sequence per reaction(kb)/genome copy number (2)

Statistical analysis. The PCR array data was conducted by t-test between two variances with an online
program (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php, Geneglobe, Qiagen, Redwood City,
CA). The other variables were analyzed using the analysis of variance under the SAS program (version 9.2,
SAS Institute Inc., Cary, NC, USA). The differences between diet groups were compared by the procedure of
Student-Newman-Keuls Test. The values were considered significantly different if the P value was less than 0.05.

References
1. Roche, E. et al. Comparative analysis of pancreatic changes in aged rats fed life long with sunflower, fish, or olive oils. ] Gerontol A
Biol Sci Med Sci. 69, 934-944 (2014).
2. Podmore, J. Fats in food products in Fats in bakery and kitchen products-fats in food products (ed. Moran, D. P. ]. & Rajah, K. K.) 213-
253 (Springer-Verlag, 1994).
3. Lopez-Miranda, J. et al. Olive oil and health: Summary of the II international conference on olive oil and health consensus report,
Jaén and Cérdoba (Spain). Nutr Metab Cardiovasc Dis. 20, 284-294 (2010).
4. Bonner, J. Conservation: From pork lard to palm oil and back. Nature. 492, 41-41 (2012).
5. Kris-Etherton, P. M., Harris, W. S. & Appel, L. J. Fish Consumption, Fish Oil, Omega-3 Fatty Acids, and Cardiovascular Disease.
Circulation. 106, 2747-2757 (2002).
6. Lewis, J. D. & Abreu, M. T. Diet as a Trigger or Therapy for Inflammatory Bowel Diseases. Gastroenterology. 152, 398-414 (2017).
7. Tai, C. C. & Ding, S. T. N-3 polyunsaturated fatty acids regulate lipid metabolism through several inflammation mediators:
mechanisms and implications for obesity prevention. ] Nutr Biochem. 21, 357-363 (2010).
8. Ducheix, S. et al. Essential fatty acids deficiency promotes lipogenic gene expression and hepatic steatosis through the liver X
receptor. ] Hepatol. 58, 984-992 (2013).
9. Bullon, P. et al. Diets based on virgin olive oil or fish oil but not on sunflower oil prevent age-related alveolar bone resorption by
mitochondrial-related mechanisms. PLoS One. 8, €74234 (2013).
10. Hirbod-Mobarakeh, A., Mahmoudi, M. & Rezaei, N. Nutrition, immunity, and aging in Immunology of aging (ed. Massoud, A.&
Rezaei, N.) 263 —284 (Springer, 2014).

SCIENTIFICREPORTS |7:6241| DOI:10.1038/s41598-017-06506-3 9


http://www.ncbi.nlm.nih.gov/RefSeq/
http://S4
http://S1
http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
http://S5
http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php

www.nature.com/scientificreports/

11.
12.
13.

14.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.
. McKimmie, R. L., Easter, L. & Weinberg, R. B. Acyl chain length, saturation, and hydrophobicity modulate the efficiency of dietary
38.
39.
. Cuervo, A. M. et al. Autophagy and aging: the importance of maintaining “clean” cells. Autophagy. 1, 131-140 (2005).
.
43.

44.

45.
46.

47.
48.
49.
50.
51.
52.
. Chung, H. et al. Molecular inflammation as an underlying mechanism of the aging process and age-related diseases. ] Dent Res. 90,
54.
55.

56.

Samane, S. et al. Fish oil and argan oil intake differently modulate insulin resistance and glucose intolerance in a rat model of
dietary-induced obesity. Metabolism. 58, 909-919 (2009).

Juarez-Hernandez, E., Chavez-Tapia, N. C., Uribe, M. & Barbero-Becerra, V. J. Role of bioactive fatty acids in nonalcoholic fatty liver
disease. Nutr J. 15, 1-10 (2016).

Miller, M. et al. Poly is more effective than monounsaturated fat for dietary management in the metabolic syndrome: The muffin
study. J Clin Lipidol. 10, 996-1003 (2016).

Vassiliou, E. K. et al. Oleic acid and peanut oil high in oleic acid reverse the inhibitory effect of insulin production of the
inflammatory cytokine TNF-a both in vitro and in vivo systems. Lipids Health Dis. 8, 8-25 (2009).

. Harman, D. Free radical involvement in aging. Drugs Aging. 3, 60-80 (1993).
. Miquel, J. An update of the oxidation-inflammation theory of aging: the involvement of the immune system in oxi-inflamm-aging.

Curr Pharm Des. 15, 3003-3026 (2009).

. Vitale, G., Salvioli, S. & Franceschi, C. Oxidative stress and the ageing endocrine system. Nat Rev Endocrinol. 9, 228-240 (2013).
. Lopez-Otin, C. et al. The hallmarks of aging. Cell. 153, 1194-1217 (2013).
. Merrill, S. S. &Verbrugge, L.M. Health and disease in midlife in Health and disease in midlife-Life in the middle: Psychological and

social development in middle age (ed. Sherry, L. W. & James, D. R.)78-97 (Academic, 1999)

. Lachman, M. E. Development in midlife. Annu. Rev. Psychol. 55, 305-331 (2004).
. Magdeldin, S. et al. Dietary supplementation with arachidonic acid but not eicosapentaenoic or docosahexaenoic acids alter lipids

metabolism in C57BL/6] mice. Gen. Physiol. Biophys. 28, 266275 (2009).

Elsherbiny, M. E. et al. Long-term effect of docosahexaenoic acid feeding on lipid composition and brain fatty acid-binding protein
expression in rats. Nutrients. 7, 8802-8817 (2015).

Le, H. D. et al. Docosahexaenoic acid and arachidonic acid prevent essential fatty acid deficiency and hepatic steatosis. J. Parenter.
Enteral Nutr. 36, 431-441 (2012).

Shen, M., Zhao, X., Siegal, G. P, Desmond, R. A. & Hardy, R. W. Dietary stearic acid leads to a reduction of visceral adipose tissue in
athymic nude mice. PLoS One 9, €104083 (2014).

Bessesen, D. H., Vensor, S. H. & Jackman, M. R. Trafficking of dietary oleic, linolenic, and stearic acids in fasted or fed lean rats. Am
J Physiol Endocrinol Metab. 278, E1124-E1132 (2000).

Hyétyldinen, T. & Oresi¢, M. Analytical Lipidomics in Metabolic and Clinical Research. Trends Endocrinol Metab. 26, 671-673
(2015).

Rahman, S. M. et al. Effects of conjugated linoleic acid on serum leptin concentration, body-fat accumulation, and 3-oxidation of
fatty acid in OLETF rats. Nutrition. 17, 385-390 (2001).

Wan, J. et al. The impact of dietary sn-2 palmitic triacylglycerols in combination with docosahexaenoic acid or arachidonic acid on
lipid metabolism and host faecal microbiota composition in Sprague Dawley rats. Food Funct. 8,1793-1802 (2017).

Lee, J. Y. et al. Differential modulation of toll-like receptors by fatty acids preferential inhibition by n-3 polyunsaturated fatty acids.
J Lipid Res. 44, 479-486 (2003).

Enos, R. T. et al. Influence of dietary saturated fat content on adiposity, macrophage behavior, inflammation, and metabolism:
composition matters. J Lipid Res. 54, 152-163 (2013).

Samane, S. et al. Fish oil and argan oil intake differently modulate insulin resistance and glucose intolerance in a rat model of
dietary-induced obesity. Metabolism. 58, 909-919 (2009).

Meydani, S. N. et al. Oral (n-3) fatty acid supplementation suppresses cytokine production and lymphocyte proliferation:
comparison between young and older women. J Nutr. 121, 547-555 (1991).

Lim, G. P. et al. A diet enriched with the omega-3 fatty acid docosahexaenoic acid reduces amyloid burden in an aged Alzheimer
mouse model. Journal of Neuroscience. 25, 3032-3040 (2005).

Chen, S.J. et al. Effects of saturated and monounsaturated fatty acid on apoptosis and autophagy in HepG2 cells. Acta Nutrimenta
Sinica. 37, 544-550 (2015).

Hassanali, Z., Ametaj, B. N, Field, C. ], Proctor, S. D. & Vine, D. E. Dietary supplementation of n-3 PUFA reduces weight gain and
improves postprandial lipaemia and the associated inflammatory response in the obese JCR: LA-cp rat. Diabetes Obes Metab. 12,
139-147 (2010).

Connor, W. E. Importance of n-3 fatty acids in health and disease. Am J Clin Nutr. 71, 1715-175S (2000).

fatty acid absorption in adult humans. Am J Physiol Gastrointest Liver Physiol. 305, G620-G627 (2013).

Mei, S. et al. Differential roles of unsaturated and saturated fatty acids on autophagy and apoptosis in hepatocytes. ] Pharmacol Exp
Ther. 339, 487-498 (2011).

Singh, R. et al. Autophagy regulates lipid metabolism. Nature. 458, 1131-1135 (2009).

Levine, B. & Kroemer, G. Autophagy in the pathogenesis of disease. Cell. 132, 27-42 (2008).

Ho, T. T. et al. Autophagy maintains the metabolism and function of young and old stem cells. Nature. 543, 1-6 (2017).

Klionsky, D. J. et al. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy. 12, 35-70 (2016).
Lépez-Dominguez, J. A. et al. Dietary fat and aging modulate apoptotic signaling in liver of calorie-restricted mice. ] Gerontol A Biol
Sci Med Sci. 70, 399-409 (2015).

Droge, W. Free radicals in the physiological control of cell function. Physiol Rev. 82, 47-95 (2002).

Aguilera, A. A. et al. Effects of fish oil on hypertension, plasma lipids, and tumor necrosis factor-o in rats with sucrose-induced
metabolic syndrome. ] Nutr Biochem. 15, 350-357 (2004).

Venkatraman, J. T., Chandrasekar, B., Dai Kim, J. & Fernandes, G. Effects of n-3 and n-6 fatty acids on the activities and expression
of hepatic antioxidant enzymes in autoimmune-prone NZB x NZW F1 mice. Lipids. 29, 561-568 (1994).

Garrel, C., Alessandri, J. M., Guesnet, P. & Al-Gubory, K. H. Omega-3 fatty acids enhance mitochondrial superoxide dismutase
activity in rat organs during postnatal development. Int. J. Biochem. Cell Biol. 44, 123-131 (2012).

Frenoux, J. M. R, Prost, E. D., Belleville, J. L. & Prost, J. L. A polyunsaturated fatty acid diet lowers blood pressure and improves
antioxidant status in spontaneously hypertensive rats. J Nutr. 131, 39-45 (2001).

Ghosh, S. & Karin, M. Missing pieces in the NF-xB puzzle. Cell. 109, S81-596 (2002).

Komatsu, W,, Ishihara, K., Murata, M., Saito, H. & Shinohara, K. Docosahexaenoic acid suppresses nitric oxide production and
inducible nitric oxide synthase expression in interferon-~ plus lipopolysaccharide-stimulated murine macrophages by inhibiting the
oxidative stress. Free Radic Biol Med. 34, 1006-1016 (2003).

Byrne, C. D. Fatty liver: role of inflammation and fatty acid nutrition. PLEFA. 82, 265-271 (2010).

830-840 (2011).

Kelley, D. S. et al. Docosahexaenoic acid ingestion inhibits natural killer cell activity and production of inflammatory mediators in
young healthy men. Lipids. 34, 317-324 (1999).

Hyotylainen, T. & Oresi¢, M. Analytical Lipidomics in Metabolic and Clinical Research. Trends Endocrinol Metab. 26, 671-673
(2015).

Yu, B. P. & Chung, H. Y. Oxidative stress and vascular aging. Diabetes Res Clin Pract. 54, S73-S80 (2001).

SCIENTIFICREPORTS |7:6241| DOI:10.1038/s41598-017-06506-3 10



www.nature.com/scientificreports/

57. Simopoulos, A. P. The importance of the omega-6/omega-3 fatty acid ratio in cardiovascular disease and other chronic diseases. Exp
Biol Med. 233, 674-688 (2008).

58. Tall, A. R. & Yvan-Charvet, L. Cholesterol, inflammation and innate immunity. Nat Rev Immunol. 15, 104-116 (2015).

59. O’Callaghan, N. et al. Telomere shortening in elderly people with mild cognitive impairment may be attenuated with omega-3 fatty
acid supplementation: A randomised controlled pilot study. Nutrition. 10, 2-12 (2013).

60. Puterman, E., Lin, J., Krauss, J., Blackburn, E. & Epel, E. Determinants of telomere attrition over 1 year in healthy older women:
stress and health behaviors matter. Mol Psychiatry. 20, 529-535 (2015).

61. Sanders, J. L. & Newman, A. B. Telomere length in epidemiology: a biomarker of aging, age-related disease, both, or neither?
Epidemiol Rev. 35,112-131 (2013).

62. Kelly, L. et al. The polyunsaturated fatty acids, EPA and DPA exert a protective effect in the hippocampus of the aged rat. Neurobiol
Aging. 32,2318.e1-2318.e15 (2011).

63. Jia, D., Heng, L. ]., Yang, R. H. & Gao, G. D. Fish oil improves learning impairments of diabetic rats by blocking PI3K/AKT/nuclear
factor-kB-mediated inflammatory pathways. Neuroscience. 258, 228-237 (2014).

64. Goto-Inoue, N., Hayasaka, T., Zaima, N. & Setou, M. Imaging mass spectrometry for lipidomics. Biochim Biophys Acta. 1811,
961-969 (2011).

65. Song, S. et al. Dietary soy and meat proteins induce distinct physiological and gene expression changes in rats. Sci Rep. 6, 1-12
(2016).

66. O’'Callaghan, N. J. & Fenech, M. A. Quantitative PCR method for measuring absolute telomere length. Biol Proced Online. 13, 1-10
(2011).

Acknowledgements

This work was financially supported by the grants 31530054 (National Natural Science Foundation of China),
34171600 (National Natural Science Foundation of China), and CARS-36-11 (Ministry of Agriculture, China).
The authors gratefully thank Dr. Ron Tume (CSIRO, Food and Nutrition Flagship, QLD, Australia) for his careful
revision of this manuscript, and Dr. Li Liu (College of Food Science and Technology, Nanjing Agricultural
University, China) for her constructive suggestion on this manuscript.

Author Contributions

L.Y.Q, L.C.B, X.X.L. and Z.G.H. conceived and designed the study. L.Y.Q., Z.E, W.Q.Y., LM.]., Z.J., M.Y.E, L.H.
and S.X.B. performed the experiments. L.Y.Q. and S.S.X. performed the bioinformatics analysis, L.Y.Q. and Z.Y.Y.
analyzed the data. L.Y.Q. and L.C.B. wrote the manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06506-3

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:6241| DOI:10.1038/s41598-017-06506-3 11


http://dx.doi.org/10.1038/s41598-017-06506-3
http://creativecommons.org/licenses/by/4.0/

	Fish oil diet may reduce inflammatory levels in the liver of middle-aged rats

	Results

	Fat accumulation. 
	Oxidative status. 
	Inflammatory status. 
	Aging-related gene expression. 
	Telomere length. 

	Discussion

	Materials and Methods

	Ethics statements and animals. 
	Diets. 
	Animal feeding and sampling. 
	Hepatic fat accumulation analysis. 
	Blood profiling analysis. 
	Hepatic oxidative stress analysis. 
	RNA isolation and RT- PCR analysis of inflammatory cytokines. 
	Aging - related RT-PCR array analysis. 
	Telomere length. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Hepatic fat accumulation of rats fed with soybean oil, lard and fish oil diets.
	Figure 2 Antioxidant enzyme activities level of rats fed with soybean oil, lard and fish oil diets.
	Figure 3 Hepatic mRNA levels of inflammatory cytokines of rats fed with soybean oil, lard and fish oil diets.
	Figure 4 Aging-related PCR array of rat livers in response to soybean oil and fish oil as compared to the lard group.
	Figure 5 Hepatic absolute telomere length of rats fed soybean oil, lard and fish oil diets.
	Figure 6 A proposed underlying mechanism for fat-induced oxidation/inflammation/aging.
	Table 1 Food intake, body weight gain and indices of rats after feeding for 3 months (means ± standard errors, n = 11).
	Table 2 Blood parameters of rats fed with soybean oil, lard or fish oil diets (means ± standard errors, n = 11).


