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Abstract
Background and Aim: Hypercholesterolemia (HC) is the major leading cause of cardiovascular disease worldwide. Such 
atherogenic aberration deeply impacts blood circulation. Resveratrol (R) is a polyphenol that has received attention as a 
hypolipidemic, antioxidant, and vascular agility advocate. Efficient blood redistribution is a key element in mammalian 
thermoregulation. We hypothesized that R treatment may aid in mitigating hyperthermic responses under both acute and 
chronic heat stress (HS) conditions in HC male rats.

Materials and Methods: All rats were initially fitted with miniaturized thermologgers to measure core body temperature 
(Tcore). With a 2 × 2 factorial arrangement, four groups were randomly allotted, in which half of the animals ingested an 
HC diet (C+), while the other half ingested a control (C-) diet, throughout the whole study duration of 35 days. Seven rats 
from each dietary treatment, however, received R (R+; 13 mg/kg BW/day), while the rest received normal saline (R-) for 
5 continuous days. All animals were maintained at thermoneutrality (TN; ambient temperature; Ta=23.15±0.04°C) for a 
period of 30 continuous days (days 0-29). On day 29, an acute HS (HS; Ta=35.86±0.37°C; for 9 nocturnal h) was imposed. 
Then, from day 29, a chronic HS protocol (Ta=32.28±1.00°C) was maintained until the past day of the trial (day 34), after 
which blood samples were drawn for analyses of platelet (PL) count, total antioxidant activity (TAO), total cholesterol (TC), 
triglycerides (TGs), and lipid peroxidation (LP).

Results: Switching animals from TN to HS resulted in abrupt rises in Tcore. The HC diet induced a significant (p<0.01) 
hyperlipidemia over the control of diet-consuming rats. Interestingly, the hyperthermic response to acute HS was highly 
pronounced in the rats consuming the C- diet, while the C+ diet exacerbated the chronic HS-induced hyperthermia. Despite 
failure to improve TAO in the C+ diet, R+ treatment caused a marked (p<0.05) decline in nighttime - hyperthermia in C+ 
rats, likely by enhancing blood flow to extremities (for heat dissipation) as delineated by drastic downregulations of C+ 
related rises in PL, TC, TG, and LP (HC diet by R+ interaction; p<0.03).

Conclusion: The hyperthermic response in C- groups was attributed to higher amount of feed intake than those consuming 
the C+ diet. Yet, the R+ improvement of thermoregulation in the C+ group was likely related to enhancement of vascular 
hemodynamics. Resveratrol intake mitigated chronic HS-evoked hyperthermia in rats. Such an approach is worthy to 
follow-up in other mammals and humans.
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Introduction

Cardiovascular aberrations are increasingly 
becoming world endemic and are yet more pronounced 
in the developed world. Approximately 29% of annual 
deaths worldwide are due to cardiovascular disease 
(CVD). One of many cardiovascular issues is hypercho-
lesterolemia (HC), which occurs when total cholesterol 
(TC) levels are elevated in the bloodstream. This disor-
der is widespread and is primarily responsible for major 

cardiovascular complications, with the subsequent ath-
erosclerosis being the leading cause of death in the US 
(812,000 deaths in 2008 [1]. By 2020, atherosclerosis 
is expected to be the main cause of death around the 
world [2]. Healthy subjects perform physiologically 
well under environmental stress conditions and are less 
disposed to complications of their immune system than 
HC subjects. Typically, HC patients suffer hindrance of 
optimum laminar blood flow and are hence more prone 
to ischemia and oxidative stress-induced lipid peroxi-
dation (LP) [3]. One of the most important thermophys-
iological responses to heat stress (HS) is efficient blood 
redistribution from splanchnic to subcutaneous vascu-
lar beds to increase peripheral perfusion to maximize 
heat dissipation at the body shell interface.

It is still not clear whether HC muffles peripheral 
perfusion, especially when maximally needed during 
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thermoregulation under HS [4]. In recent years, res-
veratrol (a plant extract) has been implicated as an effi-
cient hypocholesterolemic agent, with a high potential 
in improving microcirculation in mammalian species 
and boosting the overall antioxidant activity [5].

To date, very limited research tackled the rela-
tionship between HC, resveratrol intake, and ther-
moregulatory efficiency under thermally challenging 
conditions. Therefore, we aimed to examine the poten-
tial improvement of thermoregulatory performance in 
HC rats by short-term resveratrol treatment.
Materials and Methods
Ethical approval

Before starting of this experiment, the protocol 
was approved by the Animal Care and Use Committee 
at Jordan University of Science and Technology 
(ACUC) number 5/2013. The care and use of labo-
ratory animals were strictly in accordance with the 
guidelines prescribed by ACUC.
Animals and treatments

Male Wistar rats (n=28) at the age of 56±3 days, 
weighing 201.9±10.1 g were individually housed in 
plastic shoebox cages (15 cm × 25 cm × 35 cm) for 
individual monitoring of feed intake and body weight 
(BW). Each rat underwent a minor surgical procedure 
as will be described, to implant an intraperitoneal 
thermologger that measures core body temperature 
(Tcore). Rats were allowed a 14-day post-surgical 
recovery period while maintained at thermoneutrality 
(TN; Ta=23.68±0.22°C, RH=29.13±0.21%), before 
initiation of the trial. Subsequently, the trial ensued 
(day 0), and the TN exposure (Ta=23.15±0.04°C, 
RH=27.04±0.10%) lasted for a period of 30 con-
tinuous days. On day 29, an acute HS challenge 
(Ta=35.86±0.37°C, RH=19.65±0.83%) for 9 noctur-
nal h (12:00-09:00 h) was imposed, with Ta raised 
from TN to HS within 60 min. Immediately afterward, 
a chronic heat wave challenge (Ta=32.28±1.00°C, 
RH=23.26±0.23%) was maintained until the past day 
of the trial (day 34 at 14:00 h). Finally, by the end of 
the trial, all rats were sacrificed (after deep xylazine 
and ketamine anesthesia), and blood samples collected 
through cardiopuncture, on which sera were harvested 
and stored at −20°C until analyzed. Climatologic 
parameters (Ta and RH) within the animal house were 
monitored using a biometeorological station (Onset 
U12-014, HOBO, Onset Computer Corporation, MA, 
USA) suspended at the room center at an altitude of 
approximately 1.4 m (rat cages level) for the total 
duration of the trial (Ta; RH). Daily light cycle was 
kept at 12 h dark (19:00-07:00 h) throughout the trial.

Rats were allocated to treatments in a completely 
randomized design, with a 2 × 2 factorial arrange-
ment of treatments, namely resveratrol (R) and high 
cholesterol (C). Each treatment group consisted of 
seven rats (n=7). A control (C-/R-) group consumed 
the control diet throughout the 35-day trial period 
(diet formulations are presented in Table-1). A second 

group (C-/R+) consumed the control diet throughout 
the trial period and received a dose (by oral gavage) 
of 13 mg/kg BW/day of purified trans-resveratrol 
(Santa Cruz Biotechnology, USA) dissolved in ster-
ile isotonic (0.85%) saline solution during the past 
5 days of the trial. Each gavage volume was equalized 
to 3 mL/animal and was gradually provided within 
10-15 s. A third group (C+/R-) consumed the C+ diet 
and given saline solution (R-) during the same period, 
while the fourth group (C+/R+) consumed the C+ 
diet and received the R+, similarly. Diet formulations 
were adopted from previous literature [6]. On mixing 
(Hoqurt HK-401, Taiwan), each dietary mixture batch 
of 12 kg was stored in sterile Ziploc bags and refrig-
erated at 4°C until consumed. Feed intake was moni-
tored daily, while BW was recorded on days 0, 28, and 
34 of the trial.
Surgical procedure

Each rat underwent a minor surgical procedure, 
in which a miniaturized thermologger (DS1922L, 
Maxim Integrated, USA) tuned to collect temperature 
at 11 bit (0.0625°C) resolution was implanted in the 
intraperitoneal cavity, to record Tcore as means of eval-
uating core thermoregulatory performance at 15-min 
intervals, throughout the trial. Individual rat BW was 
first recorded for optimization of anesthetic dosages. 
A xylazine-ketamine mix (xylazine hydrochloride 
0.25 mg/Kg BW, Adwia, Jordan; ketamine 0.4 mg/Kg 
BW, Alfasan, Holland) was injected intraperitoneally. 
On initiation of deep sedation state (verified by lack 
of paw pinch reflex), hair of the midline abdominal 
region was clipped, shaved, and sterilized using alco-
hol and diluted iodine solution (povidone iodine 1% 
free iodine, Al-Eiman, Jordan). Each rat was kept at 
a dorsal recumbency position, to expose the surgical 

Table-1: Diet composition (%, by weight).

Ingredienta Control (C-) 
diet

Cholesterol (C+) 
diet

Casein from bovine milk 20.0 20.0
Coconut oil 0.0 25.0
Olive oil 5.0 0.0
Cholesterol 0.0 1.0
Sodium cholate hydrate 0.0 0.5
Sucrose 32.5 48.4
Choline bitartrate 0.2 0.2
DL-Methionine 0.4 0.4
Corn starch 32.4 0.0
α-Cellulose 5.0 0.0
Vitamin mix 1.0 1.0
Mineral mix 3.5 3.5
aIngredients: Casein from bovine milk (C7078-10KG, 
SIGMA, USA), coconut oil (Greenfields, Jordan),  
olive oil (Al-Khairat Farms, Jordan), cholesterol  
(C75209-500G, SIGMA, USA), sodium cholate 
hydrate (C1254-100G, SIGMA, USA), sucrose (Al Osra, 
KSA), choline bitartrate (C1629-500G, SIGMA, USA), 
DL-methionine (W330108-1KG, SAFC, USA),  
corn starch (S4126-5KG, SIGMA, USA), α-cellulose  
(C8002-5KG, SIGMA, USA), vitamin mix (AIN-76A, Dyets 
Inc., USA), mineral mix (AIN-76, Dyets Inc., USA)
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site using a sterile surgical drape, and kept warm 
on a warming pad during the surgery to avoid deep 
anesthesia-induced hypothermia. To minimize poten-
tial surgery-provoked wound complications, all rats 
were prophylactically administered a 14-day antibi-
otic course starting 4 days before surgery (Hipralona 
Enro-S, Enrofloxacin, Hipra, Spain) in drinking water 
(10 mg/kg BW). To alleviate post-surgical pain, rats 
received ibuprofen (10 mg/kg BW; Ibugesic, Dar Al 
Dawa, Jordan) in drinking water for 5 days, and wound 
gently rubbed daily by Fucidin (Fusidic Acid, Ph. Eur, 
20 mg/g, LEO, Denmark), diluted iodine solution, and 
hydrogen peroxide solution (10%) whenever needed, 
during the post-surgical recovery period. All wounds 
healed up well within 7 days after surgery, without 
any mentionable complications.
Hemogramic and metabolic analyses

On the past day of the experiment, all rats were 
anesthetized (as previously mentioned), and blood 
collected through cardiopuncture, and sera harvested 
by centrifugation at 3000 rpm for 10 min and stored at 
−20°C until analyzed. Blood samples were analyzed 
(platelet [PL] count, TC, triglycerides [TGs], and total 
antioxidant activity [TAO]- and LP) (ABX vet pack, 
130312w3b, Horiba abx SAS, France; Cholesterol, 
313AA; TG 230AA, Biosystem, Barcelona, Spain; 
Oxiselect total antioxidant capacity assay kit, 
0628201304, Cell Biolabs Inc, USA; and TBARS 
assay kit, 1009055, Cayman Chemical, Michigan, 
USA), respectively.
Statistical analysis

Body temperature data were analyzed by split-
plot analysis of variance for repeated measures [7] 
using mixed procedures of statistical analysis sys-
tem [8]. The main plot consisted of the treatments, 
while the subplot contained time by treatment inter-
action. The random variable animal (the experimen-
tal unit) within treatment was used as the error term. 
Two covariance structures were first compared in 

each analysis, compound symmetry and autoregres-
sive [1]. Then, the covariance structure with the larg-
est Schwarz Bayesian criterion value was used, as 
formerly described [9]. On the other hand, serum vari-
ables and performance data were analyzed by anal-
ysis of variance for a completely randomized design 
and computed using general linear models [8]. Data 
are presented as least square means±1 standard error. 
Declaration of significance between means was made 
whenever the associated p≤0.05.
Results
Hemogramic and metabolic parameters

As shown in Table-2, significant (p<0.03) cho-
lesterol by resveratrol interaction was revealed with 
reference to PL, TC, TG, and TAC, being higher due 
to the HC diet than the control. Interestingly, treat-
ment with resveratrol (C+/R+) mitigated the elevation 
in PL as compared to C+/R- counterparts (802.80, 
932.20±4.12 × 103/µL, respectively), as well as TG 
(145.00, 221.17±2.45 mg/dL, respectively). However, 
resveratrol treatment failed to alleviate the HC effect 
on TC (420.00, 401.83±1.20 mg/dL for C+/R+ and 
C+/R-; in that order) and LP (41.30, 42.30±0.47 µM 
for C+/R+ and C+/R-, respectively). However, no 
cholesterol by resveratrol interaction (p>0.55) was 
detected with reference to LP (18.10, 42.30, 13.90, 
and 41.30±0.47 µM for C-/R-, C+/R-, C-/R+, and 
C+/R+, respectively). Single-handedly, however, 
R+ was responsible for a drop in PL, LP, and TC in 
the control diet-fed groups. Furthermore, resveratrol 
treatment improved TAC in the control diet-fed rats 
(281.8, 262.4±1.6 µM CRE for C-/R+ and C-/R-, 
correspondingly).
Thermoregulatory responses

A total of 3360 Tcore readings per freely mov-
ing animal were recorded, without any mention-
able disturbances in well-being throughout the trial 
(Figure-1). No intertreatment variations in Tcore were 
detected when the rats were kept under TN (Figure-2), 

Table-2: Hematological responses of HC rats treated with resveratrol under HSe.

Variable Treatmentf p‑value

C-/R- C+/R- C-/R+ C+/R+ SEM* C R C*R

PL (×103/µL) 779.00c 932.20a 760.00d 802.80b 4.12 0.0001 0.0002 0.0008
TC (mg/dL) 83.80c 401.83b 72.83d 420.00a 1.20 0.0001 0.0314 0.0041
TG (mg/dL) 48.20d 221.17a 69.17c 145.00b 2.45 0.0001 0.0330 0.0037
TAO (µM CRE) 262.40c 296.70a 281.80b 292.90a 1.60 0.0129 0.4283 0.0282
LP (µM) 18.10b 42.30a 13.90c 41.30a 0.47 0.0001 0.0163 0.5565
eTN (TN - Ambient temperature; Ta=23.15±0.04°C) was maintained between days 0 and 28. Then, HS was 
imposed in two subsequent phases; an acute HS wave (Ta=35.86±0.37°C for 9 nocturnal h; 00:00-09:00 h) on day 
29 of the trial, followed immediately by chronic HS (Ta=32.28±1.00°C); until the end of the trial (day 34). Blood 
samples were collected (cardiopuncture) on the last day (day 34) for analyses of PL count, TC, TG (TAO; expressed 
in terms of CRE), and LP. fThe treatments were HC-inducing diet (C+) and/or R+: C-/R- (control) group fed a control 
diet throughout the trial. The C+/R- group consumed the HC diet (containing 1% purified cholesterol along with 0.5% 
cholic acid, with high-fat-based mixture), throughout the trial. The C-/R+was fed the control diet and received a dose 
of 13 mg/kg BW/day of purified trans-resveratrol by oral gavage during the past 5 days of the trial. The C+/R+group 
consumed the HC diet and received the R+treatment as explained. *Most conservative SEM. Row means with different 
superscripts differ significantly (p<0.05). HS=Heat stress, TC=Total cholesterol, TGs=Triglycerides, TAO=Total antioxidant 
activity, CRE=Copper-reducing equivalents, HC=Hypercholesterolemia, R+=Resveratrol, SEM=Standard error of mean, 
TN=Thermoneutrality, PL=Platelet, LP=Lipid peroxidation
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with a pooled value of 37.33±0.06°C. A clear circa-
dian rhythm (time effect; p<0.05) was evident in all 

rats such that Tcore was biphasically cyclical, with 
a noticeable rise coinciding with the daily handling 
times (10:00-12:00 h and 20:00-24:00 h), similarly in 
all groups alike.

On day 29, the acute HS regimen was imple-
mented (Figure-3). The time lapse for the rise from 
TN to a stabilized Ta at HS took 4 h. Animals from 
all groups displayed a pronounced hyperthermic 
response. Unexpectedly, however, both rat groups 
consuming the C- diet (C-/R- and C-/R+) displayed 
more exaggerated Tcore rises (0.57±0.06°C; particu-
larly, within the last 160 min of the acute HS) than 
the C+ groups (C+/R- and C+/R+), with pooled values 
of 39.42 and 38.85±0.06°C, respectively (cholesterol 
by time interaction; p<0.01). Subsequently, with the 
subsiding Ta (a 9.98°C transitional drop), Tcore of all 
groups precipitously fell down by 2.76±0.06°C within 
180 min.

Succession from the acute to chronic HS (day 29 
at 09:00 h on forward) revealed another notable inter-
treatment Tcore response (Figure-4). Inversely from 
the previous acute HS response, the C+ diet-fed rats 
exhibited a further (0.45±0.04°C; p=0.03) augmented 
hyperthermic reaction than the C- diet-consuming 
counterparts (pooled Tcore of 37.77 and 37.32±0.04°C, 
respectively). Remarkably, nonetheless, resveratrol 
treatment prompted a marked alleviation of chronic 
HS-provoked hyperthermia in the rats consuming the 
C+ diet (C by R by time interaction; p<0.05), explic-
itly during the late nocturnal hours (22:00-03:45 h). 
This resveratrol-evoked mitigation (p<0.05) of hyper-
thermy in the C+/R+ resulted in 0.35±0.04°C below 
that of the C+/R- group within the stated late night 
hours.
BW and feed intake responses

On the very 1st day of the study (day 0), ani-
mals from all four groups had similar (p>0.32) BW 
(225.71±8.56 g, pooled; Table-3). However, by day 
29, the control diet-consuming rats (C-/R- and C-/R+) 
ingested significantly (p=0.007) more (64%) average 
daily feed (ADFI) than the two C+ groups through-
out the TN period. By day 29, BW of animals on the 
C- diet ended up having greater BW by 17%. Although 
ADFI levels did not vary (p>0.15) among treatment 
groups during the HS periods, the C+/R- rats were the 
only one to gain weight within the past 5 days of the 
trial (p<0.04; simple effects of C and R).
Discussion
Hemogramic and metabolic parameters

Higher cholesterol levels have been linked to 
many health-compromising risk factors such as the 
development of peripheral vascular disease, CVD, and 
coronary artery disease [10]. Several studies demon-
strated that resveratrol - a natural polyphenol - has pro-
tective effects on the circulatory vasculature against 
vascular lesions [11,12]. Such advantageous effects 
are primarily mediated by acting as a potent antioxi-
dant and, thus, combating reactive oxygen species and 

Figure-1: Mean (±SE) core body temperature of rats 
maintained under thermoneutrality (ambient temperature; 
Ta=23.15±0.04°C) was maintained between days 0 
and 28. Then, heat stress (HS) was imposed in two 
subsequent phases; an acute HS wave (Ta=35.86±0.37°C; 
00:00-09:00 h) on day 29 of the trial, followed immediately 
by chronic HS (Ta=32.28±1.00°C); until the end of the 
trial (day 34). The treatments were hypercholesterolemia-
inducing (HC) diet (C+) and/or resveratrol (R+): 
C-/R- (control) group fed a control diet throughout the trial. 
The C+/R- group consumed the HC diet (containing 1% 
purified cholesterol along with 0.5% cholic acid, with high-
fat-based mixture), throughout the trial. The C-/R+ was fed 
the control diet and received a dose of 13 mg/kg BW/day 
of purified trans-resveratrol by oral gavage during the past 
5 days of the trial. The C+/R+ group consumed the HC diet 
and received the R+ treatment as explained.

Figure-2: Daily mean (±SE) core body temperature of rats 
while under thermoneutral conditions. Thermoneutrality 
(ambient temperature; Ta=23.15±0.04°C) was maintained 
between days 0 and 28. Then, heat stress (HS) was 
imposed in two subsequent phases; an acute HS wave 
(Ta=35.86±0.37°C; 00:00-09:00 h) on day 29 of the trial, 
followed immediately by chronic HS (Ta=32.28±1.00°C); 
until the end of the trial (day 34). The treatments were 
hypercholesterolemia-inducing (HC) diet (C+) and/or 
resveratrol (R+): C-/R- (control) group fed a control diet 
throughout the trial. The C+/R- group consumed the HC diet 
(containing 1% purified cholesterol along with 0.5% cholic 
acid, with high-fat-based mixture), throughout the trial. 

The C-/R+ was fed the control diet and received a dose of 
13 mg/kg BW/day of purified trans-resveratrol by oral gavage 
during the past 5 days of the trial. The C+/R+ group consumed 
the HC diet and received the R+ treatment as explained. No 
treatment by time interaction was found (p>0.05).
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other atherosclerotic substances such as cholesterol 
and, therefore, reducing PL aggregation and oxidation 

of low-density lipoprotein (LDL). Hyperlipidemia is 
well known to impose deleterious effects on the inte-
rior vascular lining (tunica intima), primarily charac-
terized by plaque formation and microvascular lesions, 
which deeply suppresses the immune system to attack 
or engulf the adhesive atheroma (oxidized LDL) from 
the vascular walls [13]. Consistent with other stud-
ies [14] done on rats fed comparable HC provoking 
diet for a period of 4 weeks, the HC-inducing diet used 
in our present trial also triggered remarkable (p<0.01) 
HC. The chronic combination of dietary cholate (cho-
lic acid) with high cholesterol has been directly linked 
to HC, chiefly through the activation of adhesive and 
pro-inflammatory molecules and enzymes (namely, 
thromboxane A2 and cyclooxygenases 1 and 2 [15]).

The current results showed, however, that R+ 
treatment significantly reduced (p<0.05) TG lev-
els when combined to the HC diet (C+/R+ rats) but 
failed to reduce TC levels. Contradicting findings with 
regard to TC responses have also been reported by oth-
ers [14,15]. These discrepancies may have been a result 
of time length for resveratrol administration, likely 
being capable of TC reduction only when applied for 
longer periods (surely >5 days) [16]. More interest-
ingly, our current data show that R+ treatment success-
fully alleviated (p<0.01) the HC-induced rises in LP, as 
well as in the C-/R+ group. Increases in LP by HC have 
been established before [17]. It is well known that high 
dietary saturated fat contents induce oxidative stress 
and flare peroxidation reaction [18]. It is believed that 
resveratrol enhancement of antiperoxidative stress is 
attained through reversal of amyloid β protein-induced 
malondialdehyde overproduction - a prominent bio-
marker of oxidative stress -induced LP [19].

Furthermore, HS alone has been found to induce 
both the potential of oxidative stress and/or LP [20]. 
In shadows of the fact that HC solitarily worsens LP. 
In the current present trial, resveratrol treatment was 
not sufficient in lowering LP. It is plausible to sug-
gest that lipid peroxidation with the combination of 
HC and HS together may be overwhelmingly high 
to the point that any beneficial effect (antiperoxida-
tive activity) of resveratrol may have been muffled. 
Furthermore, the relatively short period of R+ appli-
cation has not probably been satisfactory for that pur-
pose. This proposition may be backed up by recent 
work in humans [21], suggesting similar reasoning, in 
which excessive hyperthermia-induced LP can mask 
the antiperoxidation benefits of antioxidants when HC 
is chronic.

In general, short-term states of prevailing oxida-
tive stress elicit defensive increases in TAO. Despite 
the significant rise in TAO in the C-/R+ animals over 
the C-/R- group, R+ failed to instigate such an improve-
ment in the C+/R+ rats (C by R interaction; p<0.03). 
In addition to HS-evoked stimulation of protective 
TAO, HC also activates equivalent rises. The absence 
of an added favorable R+ effect on the C+/R+ group 
could be related to a possible maximization of TAO 

Figure-3: Mean (±SE) core body temperature of rats while 
under acute heat stress (HS) challenge (Ta=35.86±0.37°C; 
00:00-09:00 h) on day 29 of trial. Thermoneutrality 
(ambient temperature; Ta=23.15±0.04°C) was maintained 
between days 0 and 28. Then, HS was imposed in two 
subsequent phases; an acute HS wave on day 29 of the trial, 
followed immediately by chronic HS (Ta=32.28±1.00°C); 
until the end of the trial (day 34). The treatments were 
hypercholesterolemia-inducing (HC) diet (C+) and/or 
resveratrol (R+): C-/R- (control) group fed a control diet 
throughout the trial. The C+/R- group consumed the HC 
diet (containing 1% purified cholesterol along with 0.5% 
cholic acid, with high-fat-based mixture), throughout the 
trial. The C-/R+ was fed the control diet and received a 
dose of 13 mg/kg BW/day of purified trans-resveratrol by 
oral gavage during the past 5 days of the trial. The C+/R+ 
group consumed the HC diet and received the R+ treatment 
as explained. Horizontal bar signifies a cholesterol by time 
interaction (p<0.05).

Figure-4: Daily mean (±SE) core body temperature 
of rats while maintained under chronic heat stress 
(HS) challenge (Ta=32.28±1.00°C) between days 
29 and 34. Thermoneutrality (ambient temperature; 
Ta=23.15±0.04°C) was maintained between days 0 and 
28. Then, HS was imposed in two subsequent phases; an 
acute HS wave (Ta=35.86±0.37°C; 00:00-09:00 h) on 
day 29 of the trial, followed immediately by chronic HS. 
The treatments were hypercholesterolemia-inducing (HC) 
diet (C+) and/or resveratrol (R+): C-/R- (control) group 
fed a control diet throughout the trial. The C+/R- group 
consumed the HC diet (containing 1% purified cholesterol 
along with 0.5% cholic acid, with high-fat-based mixture), 
throughout the trial. The C-/R+ was fed the control diet 
and received a dose of 13 mg/kg BW/day of purified trans-
resveratrol by oral gavage during the past 5 days of the 
trial. The C+/R+ group consumed the HC diet and received 
the R+ treatment as explained. Horizontal bars signify 
cholesterol by resveratrol by time interactions (p<0.05).
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triggered by both collaborative stressors (HS and HC) 
already.

Usually, TAO is elevated when oxidative stress 
states prevail and when LP by-products are high, it 
would be reasonable to postulate that HC diet resulted 
in a significant (p<0.05) rise in TAC with regard to 
this research, and resveratrol treatment significantly 
(p<0.05) increased TAC in the C-/R+ group as compared 
to controls in the HS trial. In contrast to our findings, 
rats fed HC diet showed a reduction in total antioxidant 
status [17]. Contrary, another report is in concordance 
with our current work, whereby R+ was successful in 
redeeming TAO in hyperlipidemic rats [14]. It is worthy 
to point out that the TAO assay used here is non-specific 
and does not cover the overall antioxidant potential of 
many antioxidant systems in the body [22]. More com-
prehensive screening of other specific antioxidants may 
be needed to elucidate this inconsistency.
Thermoregulation

As in all homeothermic mammals, observ-
able daily fluctuations in Tcore were evident in all rats 
throughout the trial. This repetitive cyclic oscillation 
(circadian rhythm) corresponds to both, surround-
ing thermal environment and more importantly to 
the animal’s biological clock which crosses talks 
with the ambient light cycle [23]. Moreover, han-
dling of animals, normal laboratory procedures, and 
even the presence of personnel near the animal alter 
Tcore patterns [24]. The current study shows that Tcore 
of all animals displayed biphasic forms, whereby a 
gradual elevation in Tcore of all rats occurred past the 
19:00 h mark, with a rebound back again after 02:00 h 
(Figures-2 and 4).

When subjected to acute HS, Tcore of all animals 
arose significantly (p<0.01), with reference to their 
TN baseline values. The range of Ta where metabolic 

rate is minimal and body temperature is regulated 
primarily through the modulation of peripheral vaso-
motor tone and the concomitant control of dry or sen-
sible heat loss is termed the thermoneutral zone. As Ta 
rises above the TN, heat influx outweighs heat loss, 
and therefore, Tcore increases concomitantly under 
HS. Gradual rises in evaporative heat loss also occur 
in response to HS, both physiologically and behav-
iorally. The Ta above which evaporative heat loss 
increases significantly above its equivalent TN level 
is referred to as the upper critical temperature and was 
estimated to be 31-32°C in rats [25]. Normal body 
temperature (normothermia) in rats is generally main-
tained around 37.5°C [26], while a Tcore approximating 
40.5°C is considered a critical threshold for morbidity 
and mortality [27]. In the present study, as shown in 
Figure-4, the Tcore of C-/R+ and C-/R- was profoundly 
higher (p<0.01) than in the HC groups when momen-
tarily exposed to acute HS. This magnified hyperther-
mic reaction can be superimposed onto - and related 
to - the greater ADFI throughout the TN up until the 
end of day 28, which links to thermogenic effect of 
feed just preceding the momentary HS bout on day 
29. In fact, the C-/R- and C-/R+ groups consumed 
64% more daily feed as compared to their HC coun-
terparts during the TN period. Higher dietary/caloric 
intake correlates directly to greater postprandial ther-
mogenicity and manifests in higher Tcore of rats [28]. 
It is worthwhile to emphasize that Tcore in all animals 
dropped sharply within 3 h when HS was switched 
from the acute to the chronic protocol. Interestingly, 
this sharp (and yet, transitory) decline drew Tcore values 
to equivalent levels previously observed while under 
the TN climate, likely due to ongoing thermolytic iner-
tia (continuation of a heightened propensity to sharply 
dissipate body heat load due to being subjected to high 

Table-3: BW, feed intake, and weight gain of HC rats treated with resveratrol under HSe.

Variable Treatmentf p‑value

C-/R- C+/R- C-/R+ C+/R+ SEM* C R C*R

BW (g)
Day 0 227.14 222.14 232.85 220.71 8.56 0.328 0.805 0.681
Day 29 330.00a 279.29b 330.86a 283.28b 10.26 <0.001 0.821 0.884
Day 34 322.86a 285.00b 322.29a 276.29b 9.93 <0.001 0.644 0.685
ADFI (g):
TN 20.89a 12.46b 18.69a 11.63b 0.89 0.007 0.670 0.732
HS 17.09 12.69 15.59 15.98 0.76 0.168 0.151 0.540
BW gain %:
TN 45.61a 25.94b 42.17a 28.41b 2.05 <0.001 0.950 0.266
HS −2.07b 2.16a −2.54b −2.41b 0.98 0.031 0.034 0.085
eTN (TN - ambient temperature; Ta=23.15±0.04°C) was maintained between days 0 and 28. Then, HS was imposed in two 
subsequent phases; an acute HS wave (Ta=35.86±0.37°C for 9 nocturnal h; 00:00-09:00 h) on day 29 of the trial, followed 
immediately by chronic HS (Ta=32.28±1.00°C); until the end of the trial (day 34). Variables measured were: BW, on days 
0, 29, and 34; (ADFI; extrapolated from daily measurements; offered - refusals). fThe treatments were HC-inducing diet 
(C+) and/or R+: C-/R- (control) group fed a control diet throughout the trial. The C+/R- group consumed the HC diet 
(containing 1% purified cholesterol along with 0.5% cholic acid, with high-fat-based mixture), throughout the trial. The 
C-/R+was fed the control diet and received a dose of 13 mg/kg BW/day of purified trans-resveratrol by oral gavage during 
the past 5 days of the trial. The C+/R+group consumed the HC diet and received the R+treatment as explained. *Most 
conservative SEM. Row means with different superscripts differ significantly (p<0.05). TN=Thermoneutrality, HS=Heat 
stress, BW=Body weight, ADFI=Average daily feed intake, HC=Hypercholesterolemia, R+=Resveratrol, SEM=Standard 
error of mean.
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Ta while under acute HS). Similar findings have been 
previously reported by our group [29].

On the contrary to acute HS responses in Tcore, the 
C+ diet aggravated the hyperthermic response in both 
rat groups (C+/R- and C+/R+; Figure-4), particularly 
during the daytime. With the absence of sweating-de-
pendent cutaneous evaporative heat loss, rats rely copi-
ously on radiative, convective, and conductive heat loss 
through the employment of peripheral vasodilation of 
the ventral vein of tail, to dissipate augmenting heat load 
in the deep core body sites [24,25]. Consequently, any 
compromise in the ability to reroute splanchnic blood 
flow to body extremities under HS will definitely exac-
erbate hyperthermia in rats [29]. Compelling evidence 
shows that peripheral perfusion is greatly sub-optimized 
in HC conditions [30,31], mostly due to hindered lami-
nar flow as a consequence of vascular endothelial injury. 
Likewise, thermoregulatory failures had been addressed 
in cases of atherosclerosis and hyperlipidemia, partly for 
the same aforementioned reasons [32,33]. Recently [34], 
resveratrol was found to endow optimal perfusion in 
microcirculation sites and, therefore, was linked to nor-
malizations of systemic blood pressure as a whole in 
HC patients. Accordingly, we suggested that possible 
hindrance in blood flow and agility in blood redistri-
bution from the deep splanchnic to peripheral vascular 
beds may be a predisposing factor in blunting efficient 
heat dissipating extent at the body surfaces in the pres-
ent trial and, thus, manifested as intensified hyperther-
mia. In addition, resveratrol treatment (R+) showed a 
partially relieving effect reflected as a significantly 
lower (p<0.05) Tcore in the C+/R+ animals compared 
to the C+/R- group. It is thus commendable to assume 
that due to its hypolipidemic effect, resveratrol may 
have played a role in partially (nighttime) relieving the 
hyperthermic intensity observed in the C+/R+ animals 
exposed to chronic HS. Knowing that HS suppresses 
appetite [24,29], and in light of the lack of ADFI vari-
ations among the experimental groups during the late 
HS phase, a role of prandial thermogenicity can be ruled 
out. The improvement in circulatory flow dynamics at 
the body perimeter by R+ and concomitant enhance-
ment for heat loss stands out to conceivably explain the 
context of nighttime hyperthermia alleviation.
Conclusion

The HC hinders thermophysiological responses 
to chronic (but not acute) HS challenge in rats, 
likely by impacting cardiovascular hemodynamics. 
Resveratrol administration aided in the alleviation of 
nighttime hyperthermia in HC rats under chronic HS 
and improved several lipid profile and immunological 
parameters. Such responses are worthy of investiga-
tion in humans and other mammals.
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