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Abstract
Deep-fried vegetable oils are reused multiple times to save costs, and their chronic consumption may cause organ dysfunction. In this study, we
assessed the modulatory effects of lipid-solubles from ginger and turmeric that may migrate to oils during heating, on the cardio-hepatic anti-
oxidant defence response and blood pressure in rats. Male Wistar rats were fed with: (1) control (native rapeseed (N-CNO) or native sunflower
(N-SFO)) oil, (2) heated (heated rapeseed (H-CNO) or heated sunflower (H-SFO)) oil and (3) heated oil with ginger or turmeric (heated rapeseed
oil with ginger (H-CNOþGI) or heated rapeseed oil with turmeric (H-CNOþ TU), heated sunflower oil with ginger (H-SFOþGI) or heated
sunflower oil with turmeric (H-SFOþ TU)) for 120 d. Oxidative stress (OS) markers, antioxidant enzymes, nitric oxide synthase-2 (NOS-2), inter-
cellular adhesion molecule-1 (ICAM-1), nuclear factor erythroid 2-related factor 2 (NRF-2), markers of hepatic and cardiac function and blood
pressure were assessed. Feeding heated oils (H-CNO or H-SFO) (1) increased OS markers, NOS-2 and ICAM-1 expression; (2) decreased anti-
oxidant enzyme activity and NRF-2 level; (3) increased marker enzymes of hepatic and cardiac function and (4) increased systolic and diastolic
blood pressure significantly (P< 0·05), when comparedwith respective native oils (N-CNOor N-SFO). However, feeding oils heatedwith ginger
or turmeric positively countered the changes induced by heated oils. Consumption of repeatedly heated oil causes cardio-hepatic dysfunction by
inducing OS through NRF-2 down-regulation. Lipid-solubles from ginger and turmeric that may migrate to oil during heating prevent the oxi-
dative stress and blood pressure triggered by heated oils in rats.
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A significant amount of vegetable oils produced across the world
are used for deep-frying, and reuse of heated oil (deep-fried oil)
is rampant in the street food joints of India and other Asian coun-
tries to save costs. Heating oil multiple times negatively alter the
physicochemical and nutritional properties of oils. Reactive oxy-
gen species (ROS), hydroperoxides, aldehydes, ketones and
trans-isomers are some of the harmful derivatives produced dur-
ing deep-frying(1). Destruction of endogenous antioxidants, par-
ticularly vitamin E, is another disadvantage of deep-frying(2).
Therefore, long-term consumption of repeatedly heated oil
not only causes fat-soluble vitamin deficiency but alsomay result
in the cardio-hepatic oxidative stress (OS) due to their exposure
to harmful derivatives produced during deep-frying. Though the
incorporation of synthetic antioxidants to frying oils prevents
their deterioration to some extent, they may not contribute to
the rebuilding of weakened tissue antioxidant defence response.
The quick re-establishment of weakened tissue response to the

OS induced by the heated oils is critical for the normal functioning
of the body(3). Studies have shown that OS caused due to damp-
ened antioxidant enzyme activity along with non-enzymatic anti-
oxidants (glutathione, vitamin C and vitamin E) are predictors of
CVD and hypertension(4,5). Dysregulation of redox balance, par-
ticularly in the heart and liver, may derail their metabolic crosstalk
necessary for normal physiological functions(6). Maintenance of
systemic homoeostasis and the response to nutritional and envi-
ronmental challenges require the coordination of multiple organs
and tissues(7). Though earlier studies have addressed the implica-
tions of repeatedly heated oil consumption on postprandial
lipaemia and heart function(8), no attempts have been made to
evaluate the modulatory potentials of lipid-soluble bioactive com-
ponents thatmaymigrate fromginger (Zingiber officinale) and tur-
meric (Curcuma longa) to the oil during the heating process on
cardio-hepatic response to OS. Gingerols (6-, 8- and 10-gingerols)
are the major polyphenols present in ginger, and with heat
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treatment, they are transformed into corresponding shogaols and
upon hydrogenation to paradols(9). Curcuminoids (curcumin
demethoxycurcumin, 5’-methoxycurcumin anddihydrocurcumin)
are colouring agents present in turmeric, with improved health
benefits as a nanoparticle, and known to beneficially modulate
inflammation under diabetic conditions(10,11). Since ginger and tur-
meric are known to exhibit health benefits(11,12), we hypothesised
that lipid-soluble molecules may migrate to the oil from these
spices (ginger and turmeric) during the heating process which
might attenuate the consequences of heated oil consumption.
Besides, the inclusion of ginger or turmeric during deep-frying
may need minimal changes in the industrial process technology
and also acceptable to consumers. Hence, in this study, we aimed
to assess the cardio-hepatic antioxidant response and blood pres-
sure in experimental rats as a consequence of long-term consump-
tion of repeatedly heated oil (both n-3- and n-6-rich oils) with or
without ginger and turmeric. Wistar rats were used as a model sys-
tem, as the dietary implications on the tissue antioxidant defence
response and blood pressure parameters are well established.

Materials and methods

Materials

β-Mercaptoethanol, 1-chloro-2,4-dinitrobenzene (CDNB),
cytochrome-C, 2 0,7 0-dichlorofluorescin diacetate (DCF-DA), thi-
obarbituric acid, xanthine and xanthine oxidase were obtained
from Sigma Chemicals. Dinitrophenyl hydrazine, EDTA, oxidised
glutathione, reduced glutathione,malonaldehyde, NADPH, t-butyl
hydroperoxide and solvents were obtained from SRL Chemicals.
Refined rapeseed oil (canola oil) and sunflower oil were pur-
chased from the local market. Fresh ginger (Z. officinale) and
turmeric (C. longa) were dried, powdered and kept in –20°C.
AIN-93G-based mineral mix and vitamin mix were purchased
from Hi-Media Laboratories.

Animal model, diet, feeding and growth parameters

The animal procedures were approved (CFT/IAEC/120/2018) and
monitored by the Institutional Animal Care and Use Committee of
CSIR-CFTRI (Council of Scientific and Industrial Research-Central
Food Technological Research Institute). The authorised trainers
gave comprehensive training to the animal handlers of this study,
and extensive care was taken during the experimental procedures
not to cause any distress to the animals. The animal experiment
was conducted from12 June2019 to 16 September 2019. Sixty-four
male Wistar rats (OUTB-Wistar, IND-cft (2C)) (Rattus norvegicus)

weighing 50 ± 5 gwere housed (four rats/cage) under a 12 h light–
12hdark cyclewithwater anddiet availablead libitum. After accli-
matisation, the rats (n 8)were randomly assigned to receive control
(native rapeseed (N-CNO) and native sunflower (N-SFO)) and
experimental diets (heated rapeseed (H-CNO)þ ginger (GI),
H-CNOþ turmeric (TU), heated sunflower (H-SFO)þGI and
H-SFOþ TU) based on AIN-93G dietary formulations for 120 d(13).
Thedietary oils usedwere subjected to theheating process, as indi-
cated in online Supplementary Table S1, and incorporated in the
diet (10 g oil/100 g diet). Diets were stored in airtight pouches
flushed with nitrogen and kept at the refrigerated condition.
Following the completionof theexperiment, ratswere killed under
CO2 anaesthesia and serum, heart and liver were harvested and
stored at –80°C until further analysis. The fatty acid composition
is given in online Supplementary Table S2. The growth and organ
weights of rats are given in Table 1.

Oxidative stress markers, antioxidant enzymes and
hepatic and cardiac enzymes

Tissue and serum lipid peroxides(14,15), nitric oxide(16), protein car-
bonyls(17), catalase(18), superoxide dismutase(19), glutathione per-
oxidase(20) and glutathione transferase(21) were measured using
a microplate reader (Tecan). The liver and heart ROS was mea-
sured by the method, as described earlier(22). Protein was mea-
sured by Lowry’s method(23). The activity of serum glutamic
oxaloacetic transaminase, serum glutamic pyruvic transaminase,
alkaline phosphatase and creatinine kinase was analysed colouri-
metrically as per the commercially available kits (Agappe).

Western immunoblotting

Protein resolved on TRIS-glycine polyacrylamide gel (10 %) was
transferred onto the polyvinylidene fluoridemembrane, blocked
using 5 % non-fat dry milk and probed using intercellular adhe-
sion molecule-1 (ICAM-1) and β-tubulin (Cloud-Clone Corp.)
and nitric oxide synthase-2 (NOS-2) (Santa Cruz Biotechnology)
antibody. Membranes were washed and incubated with appropri-
ate secondary antibody. Following furtherwashes, themembranes
were treatedwith chemiluminescent reagents and documented for
densitometry.

Nuclear factor erythroid 2-related factor 2 in liver
and heart

Heart and liver nuclear extracts were prepared using a nuclear
extraction kit obtained from Abcam (ab113474), and nuclear

Table 1. Growth and organ weights (n 8)
(Mean values and standard deviations)

Groups... N-CNO H-CNO H-CNOþGI H-CNOþ TU N-SFO H-SFO H-SFOþGI H-SFOþ TU

Parameters Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Gain in body
weight (g)

255·3a 9·5 263·3a 10·1 250·5a 13·4 261·6a 7·5 242·8a 9·9 242·8a 11·0 241·1a 13·4 241·3a 11·2

Liver weight (g) 9·44a 0·92 9·30a 0·4 9·15a 0·48 8·98a 0·66 8·68a 0·52 9·03a 0·58 8·74a 0·40 9·92a 0·86
Heart weight (g) 1·68a 0·14 1·69a 0·11 1·59a 0·10 1·61a 0·14 1·55a 0·23 1·65a 0·13 1·69a 0·09 1·72a 0·10

N-CNO, native rapeseed; H-CNO, heated rapeseed; GI, ginger; TU, turmeric; N-SFO, native sunflower; H-SFO, heated sunflower.
a Mean values within a row with unlike superscript letters were significantly different (P< 0·05 and q< 0·1).
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factor erythroid-derived 2-like 2 (NRF-2) (ab207223) level in
nuclear extracts was analysed as per kit instructions provided
by Abcam.

Blood pressure and haematology parameters

Blood pressure (systolic and diastolic) was measured by a non-
invasive blood pressure system (IITC Life Sciences). Testing was
carried out using rat tail-cuff by elevating ambient temperature in
the chamber. For haematological examination, blood was col-
lected in EDTA containing vials, and parameters like leucocytes,
erythrocytes, Hb content, haematocrit value, mean corpuscular
volume, mean corpuscular Hb content, mean corpuscular Hb
concentration and platelets count were measured using auto-
mated blood analyzer (Sysmex, PocH-100i).

Statistical analysis

The sample size (n 8/group) was determined based on nutri-
tional intervention studies reported earlier, with a statistical
power of 0·8 and an α error of 0·05. The data were analysed
by one-way ANOVA (non-parametric), followed by Tukey’s test
(to compare the differences among the treatments) using
GraphPad Prism version 7.04 (GraphPad Software; www.
graphPad.com), and a P value< 0·05 was considered as sta-
tistically significant. The false discovery rate (q value of 0·1)
was considered as the threshold for significance. Only the mean
and standard deviation for each diet group are plotted in each
figure.

Results

Oxidative stress markers in serum, liver and heart

OS markers (lipid peroxides, nitric oxide and protein carbonyls)
in serum, liver and heart of heated oil (H-CNO and H-SFO)
groups were significantly (P< 0·05) increased when compared
with their respective control (N-CNO and N-SFO) groups
(Table 2), whereas, when compared with the H-CNO group,
the OS markers in the serum, liver and heart of the
H-CNOþGI and H-CNOþ TU groups decreased significantly
(P < 0·05) (Table 2). Likewise, when compared with the
H-SFO group, the OS markers in the serum, liver and heart of
the H-SFOþGI and H-SFOþ TU groups decreased significantly
(P< 0·05) (Table 2).

Reactive oxygen species and antioxidant enzyme activity
in serum, liver and heart

ROS in the liver and heart of the H-CNO and H-SFO groups
increased significantly (P< 0·05) compared with their respective
control (N-CNO and N-SFO) groups (Table 3), whereas, when
compared with the H-CNO group, ROS in the liver and heart
of the H-CNOþGI and H-CNOþ TU groups decreased signifi-
cantly (P< 0·05) (Table 3). Likewise, when compared with the
H-SFO group, ROS in the liver and heart of the H-SFOþGI
and H-SFOþ TU groups decreased significantly (P< 0·05)
(Table 3). The activity of antioxidant enzymes (catalase, super-
oxide dismutase, glutathione peroxidase and glutathione

Table 2. Oxidative stress markers (n 8)
(Mean values and standard deviations)

Groups... N-CNO H-CNO H-CNOþGI H-CNOþ TU N-SFO H-SFO H-SFOþGI H-SFOþ TU

Parameters Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Lipid peroxides (nmol of MDA/mg protein)
Serum* 38·3a 1·1 53·5b 2·7 37·7a 3·0 40·6a,d 4·2 44·1a,d 3·8 62·8c 3·1 39·4a 0·7 46·5d 2·0
Liver 277·3a 7·4 336·3b 8·6 278·4a 9·4 281·0a 8·0 300·1c,f 8·7 375·3d 9·2 318·9e 5·0 305·5e,f 9·8
Heart 43·6a 1·7 86·7b,d 5·4 53·3c 4·0 52·5c 5·5 52·8c 3·5 94·3d 5·2 67·1e 4·6 54·9c 7·4

Nitric oxides (nmol/mg protein)
Serum† 27·9a 0·6 43·8b 1·7 28·4a 1·3 27·3a 2·5 37·7c 3·0 48·0d 1·7 38·7c 1·8 37·5c 2·6
Liver 49·0a 1·9 89·5b 6·9 55·8a 4·7 53·8a 2·1 55·4a 2·0 100·8c 2·2 67·7d 2·7 63·5d 5·1
Heart 64·3a 3·8 95·7b 4·7 75·6c 3·2 74·1c 3·6 68·6a,c 1·1 102·4d 5·7 78·1e 2·5 84·5f 1·6

Protein carbonyls (nmol/mg protein)
Serum† 5·92a 0·68 9·31b 0·25 6·6a 0·55 6·4a 0·73 8·5c 0·92 10·3b 0·26 7·2a,c 0·43 8·01c 0·73
Liver 11·1a 0·8 21·4b 1·5 12·8c,d 0·4 13·6d 0·2 12·2a,d 0·4 25·2e 1·4 14·5f 0·5 15·2f 1·7
Heart 2·71a 0·18 3·92b 0·11 2·70a 0·20 2·44a 0·09 3·36b 0·46 4·24c 0·11 2·70a 0·05 2·30a 0·23

N-CNO, native rapeseed; H-CNO, heated rapeseed; GI, ginger; TU, turmeric; N-SFO, native sunflower; H-SFO, heated sunflower; MDA, malondialdehyde.
a,b,c,d,e,f Mean values within a row with unlike superscript letters were significantly different (P< 0·05 and q< 0·1).
* For serum, units are nmol of MDA/ml serum.
† For serum, units are nmol/ml serum.

Table 3. Reactive oxygen species (n 8)
(Mean values and standard deviations)

Groups... N-CNO H-CNO H-CNOþGI H-CNOþ TU N-SFO H-SFO H-SFOþGI H-SFOþ TU

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Liver (RFU/mg protein) 241a 8 331b 13 247a 6 249a 8 248a 6 332b 8 270c 8 272c 7
Heart (RFU/mg protein) 168a 5 201b 7 163a 5 170a 3 182c 6 222d 5 163a 7 165a 6

N-CNO, native rapeseed; H-CNO, heated rapeseed; GI, ginger; TU, turmeric; N-SFO, native sunflower; H-SFO, heated sunflower; RFU, relative fluorescence units.
a,b,c,d Mean values within a row with unlike superscript letters were significantly different (P< 0·05 and q< 0·1).
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transferase) in serum, liver and heart of H-CNO and H-SFO
groups decreased significantly (P< 0·05) compared with their
respective control (N-CNO and N-SFO) groups (Table 4),
whereas, when compared with H-CNO, the activity of antioxi-
dant enzymes in the serum, liver and heart of the H-CNOþGI
and H-CNOþ TU groups increased significantly (P< 0·05)
(Table 4). Likewise, when compared with H-SFO, the activity
of antioxidant enzymes in the serum, liver and heart of the
H-SFOþGI and H-SFOþ TU groups increased significantly
(P< 0·05) (Table 4).

Nuclear translocation of nuclear factor erythroid 2-related
factor 2 and nitric oxide synthase-2 and intercellular
adhesion molecule-1 expression in liver and heart

NRF-2 level in the nuclear extract of the liver and heart of the
H-CNO and H-SFO groups decreased significantly (P< 0·05)
compared with their respective control (N-CNO and H-SFO)
groups (Fig. 1), whereas, when compared with H-CNO, the
NRF-2 level in H-CNOþGI and H-CNOþ TU groups increased
significantly (P< 0·05). Likewise, when compared with H-SFO,
the NRF-2 level in H-SFOþGI and H-SFOþ TU groups

Table 4. Antioxidant enzyme activity (n 8)
(Mean values and standard deviations)

Groups... N-CNO H-CNO H-CNOþGI H-CNOþ TU N-SFO H-SFO H-SFOþGI H-SFOþ TU

Parameters Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Catalase (μmol/
min per mg
protein)

Serum 273·9a,c 9·8 194·3b 6·0 262·0a 7·4 286·3c 5·5 236·5d 5·6 179·7e 7·0 223·0d 5·9 227·0d 6·8
Liver 30·5a 1·3 18·5b 1·2 32·5a 1·2 34·0a 0·7 26·2c 0·5 14·0d 0·9 26·2c 0·2 27·9e 0·4
Heart 19·9a 0·3 13·7b 0·8 18·2a 1·0 20·1a 0·3 16·6c 0·9 8·8d 0·4 16·2c 0·4 16·9c 0·2

SOD (μmol/min
per mg
protein)

Serum 26·4a 1·0 15·3b 0·6 25·0a 0·6 24·9a 0·8 21·0c 0·9 13·7d 0·7 20·6c 0·7 20·2c 0·9
Liver 6·2a 0·3 4·5b 0·2 5·8a,c 0·2 5·7c 0·2 5·5c 0·2 4·1b 0·1 5·3c 0·2 5·4c 0·2
Heart 7·9a 0·1 5·8b 0·2 8·4a 0·4 8·3a 0. 2 6·1b 0·5 5·4b 0·3 6·8a 0·2 6·9a 0·5

GPx (μmol/min
per mg
protein)

Serum 2·44a 0·09 1·52b 0·16 2·51a 0·16 2·43a 0·1 2·13c 0·07 1·46b 0·03 2·31a 0·08 2·15c 0·07
Liver 25·6a 1·0 15·3b 0·6 26·3a 1·4 25·9a 1·0 21·1c 0·9 13·0d 0·9 22·8c 0·7 22·5c 0·6
Heart 18·4a 0·9 12·0b 0·8 19·8a 0·8 20·9a 0·6 14·5c 0·7 8·7d 0·7 15·9c 0·4 15·9c 0·6

GST (μmol/min
per mg
protein)

Serum 5·18a 0·27 3·62b 0·15 5·04a 0·15 4·91a,c 0·25 4·62c 0·18 3·22d 0·14 4·57c 0·16 4·54c 0·15
Liver 11·2a 0·4 6·6b 0·3 11·8a 0·5 11·0a 0·7 9·7c 0·5 6·5b 0·5 10·2a 0·5 10·4a 0·2
Heart 21·8a 1·0 15·1b 1·7 21·1a 1·6 21·2a 1·4 21·0a 1·0 12·3c 0·4 21·2a 0·9 19·7a 0·9

N-CNO, native rapeseed; H-CNO, heated rapeseed; GI, ginger; TU, turmeric; N-SFO, native sunflower; H-SFO, heated sunflower; SOD, superoxide dismutase; GPx, glutathione
peroxidase; GST, glutathione transferase.
a,b,c,d,e Mean values within a row with unlike superscript letters were significantly different (P< 0·05 and q< 0·1).

Fig. 1. Nuclear factor erythroid 2-related factor 2 (NRF-2) level in the nuclear extracts of the liver (a and b) and heart (c and d) in rats fed native and repeatedly heated oil
with or without ginger (GI) and turmeric (TU). Values are means and standard deviations of four rats. (a and c) , native rapeseed (N-CNO); , heated rapeseed
(H-CNO); , heated rapeseed and GI (H-CNOþGI); , heated rapeseed and TU (H-CNOþTU). (b and d) , native sunflower (N-SFO); , heated sunflower
(H-SFO); , heated sunflower and GI (H-SFO + GI); , heated sunflower and TU (H-SFO + TU).
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increased significantly (P< 0·05). The NOS-2 and ICAM-1
expression in the liver and heart of the H-CNO and H-SFO
groups increased significantly (P< 0·05) compared with their
respective control (N-CNO and N-SFO) groups (Figs. 2 and 3),
whereas, when compared with H-CNO, the NOS-2 and
ICAM-1 expression in H-CNOþGI and H-CNOþ TU groups
decreased significantly (P< 0·05). Likewise, when compared
with H-SFO, the NOS-2 and ICAM-1 expression in H-SFOþGI
and H-SFOþ TU groups decreased significantly (P< 0·05)
(Fig. 4).

Enzyme indicators of hepatic and cardiac function

The serum level of SGOT, SGPT, alkaline phosphatase and crea-
tine kinase in theH-CNOandH-SFOgroups increased significantly
(P< 0·05) compared with their respective control (N-CNO and
N-SFO) groups (Table 5), whereas, compared with the H-CNO
group, the serum level of SGOT, SGPT, alkaline phosphatase
and creatine kinase in H-CNOþGI and H-CNOþ TU groups
decreased significantly (P< 0·05). Likewise, when compared with
the H-SFO group, the serum level of SGOT, SGPT, alkaline

phosphatase and creatine kinase in H-SFOþG, I and H-
SFOþ TU groups decreased significantly (P< 0·05) (Table 5).

Haematology, blood pressure and heart rate

No significant change was observed in the haematological
parameters (leucocytes, erythrocytes, Hb, haematocrit, mean
corpuscular volume, mean corpuscular Hb, mean corpuscular
Hb concentration and platelets count) between any of the
groups studied (Table 6). The systolic blood pressure, diastolic
blood pressure and heart rate increased significantly (P< 0·05)
in H-CNO and H-SFO groups compared with their respective
control (N-CNO and H-SFO) groups (Table 6), whereas, when
compared with the H-CNO group, the systolic blood pressure
and diastolic blood pressure, as well as the heart rate in
H-CNOþGI and H-CNOþ TU groups, decreased significantly
(P< 0·05). Likewise, when compared with the H-SFO group,
the systolic blood pressure and diastolic blood pressure, as well
as the heart rate in H-SFOþGI and H-SFOþ TU groups,
decreased significantly (P< 0·05) (Table 6).

Fig. 2. Nitric oxide synthase-2 (NOS-2) (a and b) and intercellular adhesionmolecule-1 (ICAM-1) (c and d) expression in the liver of rats fed native and repeatedly heated
oil with or without ginger (GI) and turmeric (TU). Values are means and standard deviations of four rats. (a and c) , native rapeseed (N-CNO); , heated rapeseed
(H-CNO); , heated rapeseed andGI (H-CNOþGI); , heated rapeseed and TU (H-CNOþTU). (b and d) , native sunflower (N-SFO); , heated sunflower (H-SFO);

, heated sunflower and GI (H-SFO + GI); , heated sunflower and TU (H-SFO + TU).
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Discussion

In this study, we showed that the long-term consumption of
repeatedly heated oil (both n-6 and n-3) adversely affects
cardio-hepatic antioxidant defence response and blood pressure
in experimental rats. We evaluated cardio-hepatic responses to
the heated oil-induced OS as the mutual interaction between
heart and liver is crucial for the normal functioning of the

body(24). Both heart and liver showed a similar response to
heated oils, wherein the activity of critical antioxidant enzymes
like catalase, superoxide dismutase, glutathione peroxidase and
glutathione transferase was found to be reduced. However,
when spices like ginger or turmeric were included during the
heating process, the dampened cardio-hepatic antioxidant
defence response was ameliorated. To decipher the mechanism

Fig. 3. Nitric oxide synthase-2 (NOS-2) (a and b) and intercellular adhesion molecule-1 (ICAM-1) (c and d) expression in the heart of rats fed native and repeatedly
heated oil with or without ginger (GI) and turmeric (TU). Values are means and standard deviations of four rats. (a and c) , native rapeseed (N-CNO); , heated
rapeseed (H-CNO); , heated rapeseed andGI (H-CNOþGI); , heated rapeseed and TU (H-CNOþTU). (b and d) , native sunflower (N-SFO); , heated sunflower
(H-SFO); , heated sunflower and GI (H-SFO + GI); , heated sunflower and TU (H-SFO + TU)

Table 5. Hepatic and cardiac function enzymes (n 8)
(Mean values and standard deviations)

Groups... N-CNO H-CNO H-CNOþGI H-CNOþ TU N-SFO H-SFO H-SFOþGI H-SFOþ TU

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

GOT (units/l) 59·9a 3·2 99·6b 3·8 63·1a 3·3 74·9c 2·4 73·2c 2·7 140·8d 5·8 80·6c,e 4·1 81·5e 2·8
GPT (units/l) 19·1a 0·6 33·8b 2·4 21·3c 2·5 19·4c 2·3 24·4c 1·7 37·7b 1·6 23·4c 2·1 24·5c 1·2
ALP (units/l) 54·1a 2·9 73·7b 3·8 48·5a,c 3·0 49·2a,c 3·0 41·4c 4·2 85·4d 3·7 53·5a 2·3 55·9a 5·5
CK-MB (units/l) 371·1a,c 13·6 493·6b 8·9 364·1a 17·3 341·2a 11·9 389·6c 7·6 533·3d 12·5 361·9a 15·8 340·5a 17·1

N-CNO, native rapeseed; H-CNO, heated rapeseed; GI, ginger; TU, turmeric; N-SFO, native sunflower; H-SFO, heated sunflower; GOT, glutamic oxaloacetic transaminase; GPT,
glutamic pyruvic transaminase; ALP, alkaline phosphatase; CK-MB, creatine kinase.
a,b,c,d,e Mean values within a row with unlike superscript letters were significantly different (P< 0·05 and q< 0·1).
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for cardio-hepatic protection against OS by ginger and turmeric
lipid-solubles, we analysed the NRF-2 transcription factor. NRF-2
is an emerging regulator of cellular resistance to OS and induces
the expression of antioxidant response element-dependent
genes(25). Nuclear translocation of NRF-2 following its dissociation
from Kelch-like ECH-associated protein-1 complex and its sub-
sequent binding to antioxidant response element triggers antioxi-
dant enzyme expression needed to overcome the OS(26). As
evident in this study, the drop in the nuclear translocation of
NRF-2 in the heart and liver of heated oil-fed rats, but not in rats
fed oil heated with ginger or turmeric, possibly resulted in the
decrease of antioxidant defence response. The electrophile reac-
tion with cysteines of Kelch-like ECH-associated protein-1 leads to
the formation of adducts that prevent the ubiquitination of NRF2,
resulting in its stabilisation, nuclear translocation and transcrip-
tional induction of NRF2-target genes(27), and from this perspec-
tive, the modulation of NRF2 by lipid-solubles of ginger and
turmeric needs to be further elucidated.

NOS-2 catalyses the production of NO, a powerful pro-
oxidant, that causes tissue damage under various conditions(28).
While relatively small amounts of NO produced by eNOS are
essential to cardiovascular homoeostasis, high NO levels pro-
duced due to increased NOS-2 activity may have detrimental
consequences to the cardiovascular system and contribute to
hypertension(29). ICAM-1 plays a critical role in the docking of
the neutrophils to the endothelium, thus allowing the activated
neutrophils to release its arsenals, mainly ROS and pro-
inflammatory lipid mediators to trigger the tissue injury(30). As
evident in this study, both NOS-2 and ICAM-1 were up-regulated
in the heart and liver of rats fed heated oils, whereas their expres-
sions were diminished in rats fed oils heated with ginger or tur-
meric. Thus, the protective effects of ginger and turmeric lipid-
solubles through down-regulation of ICAM-1 and NOS-2 may
beneficially alter the vascular tone. Our results support that
the consumption of repeatedly heated oil (whether n-3 or n-6
rich) not only increases heart rate but also adversely affects

Table 6. Haematology, blood pressure and heart rate (n 8)
(Mean values and standard deviations)

Groups... N-CNO H-CNO H-CNOþGI H-CNOþ TU N-SFO H-SFO H-SFOþGI H-SFOþ TU

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Leucocytes (× 103/μl) 6·5a 1·0 7·2a 1·1 7·3a 1·7 7·8a 1·1 7·6a 1·1 6·9a 1·0 7·4a 0·8 8·0a 0·7
Erythrocytes (× 106/μl) 8·5a 1·1 8·2a 0·9 8·8a 0·7 8·5a 0·5 9·1a 0·4 8·8a 0·7 8·3a 0·4 8·1a 0·4
Hb (g/dl) 15·2a 1·0 15·1a 0·7 15·5a 0·9 15·8a 0·4 15·9a 0·9 15·4a 0·8 14·4a 0·3 14·2a 0·5
HCT (%) 44·6a 5·8 43·5a 4·5 45·7a 7·0 45·3a 6·4 48·9a 6·2 46·7a 2·8 43·3a 1·6 43·1a 1·3
MCV (fl) 52·5a 1·3 53·1a 0·8 51·7a 1·3 53·0a 1·1 53·6a 1·0 52·9a 1·3 52·5a 1·1 52·9a 0·9
MCH (pg) 18·2a 1·1 18·5a 0·9 16·9a 1·8 18·0a 0·4 17·9a 0·5 17·5a 0·7 17·3a 0·6 17·5a 0·9
MCHC (g/dl) 34·8a 1·8 34·9a 1·5 33·9a 0·7 34·0a 0·6 33·5a 0·5 33·1a 0·6 33·1a 0·7 33·1a 1·3
PLT (× 103/μl) 697a 44 751a 28 664a 69 707a 69 705a 82 740a 18 766a 47 727a 40
SBP (mmHg) 138·2a 3·9 156·5b 4·9 130·5c 4·7 130·8c 6·8 141·1a 3·2 158·1b 2·6 136·6c 4·2 136·5c 2·8
DBP (mmHg) 85·6a 4·5 99·5a 2·7 81·4b 4·6 81·6b 5·4 88·3a 3·7 104·3c 3·1 94·0a 3·7 89·6a 2·7
HR (bpm) 363a 6 389b 6 360a 7 363a 9 371a 8 387b 8 364a 4 376a 6

N-CNO, native rapeseed; H-CNO, heated rapeseed;GI, ginger; TU, turmeric; N-SFO, native sunflower; H-SFO, heated sunflower; HCT, haematocrit; MCV,mean corpuscular volume;
MCH, mean corpuscular Hb; MCHC, mean corpuscular Hb concentration; PLT, platelets; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate in beats/min.
a,b,c Mean values within a row with unlike superscript letters were significantly different (P< 0·05).

Lipid-solubles from
ginger or turmeric

R
ep

ea
te

d 
he

at
in

g 
of

 o
il

Long-term
consumption

No lipid-solubles from
ginger or turmeric

Cardio-hepatic
Oxidative stress

Oxidative stress
ROS
Blood pressure
Heart rate
NOS-2 and ICAM-1

NRF-2 translocation
Antioxidant enzymes

Oxidative stress
ROS
Blood pressure
Heart rate
NOS-2, ICAM-1

NRF-2 translocation
Antioxidant enzymes

Dysfunctional crosstalk

Cardio-hepatic
Oxidative stress

Ginger
or

turmeric

Functional crossta
lk
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the blood pressure(31), possibly through the up-regulation of vas-
cular adhesion molecules, including ICAM-1(32). Even though
n-3 fatty acids are known to exhibit beneficial effects, both
n-3 (present in CNO) and n-6 fatty acid (present in SFO) rich oils
were equally detrimental to the cardio-hepatic response to OS
when subjected to the repeated heating process.

In conclusion, our study established that chronic intake of
repeatedly heated oils (whether n-3 or n-6 rich) induces loss
of cardio-hepatic antioxidant defence response, thereby affect-
ing their functional crosstalk. Lipid-solubles from ginger and
turmeric that migrate to the oil during heating prevent the
cardio-hepatic OS and blood pressure triggered by heated oils
in rats. The amount of ginger (7·5 g dry powder/100 g oil) and
turmeric (7·5 g dry powder/100 g oil) as used in this investigation
may be reasonably adapted to human applications. Further char-
acterisation of lipid-solubles from ginger and turmeric migrating
to oil during heating and also their inclusion during the deep-
frying process is warranted.
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