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Abstracts: This work aimed to evaluate the effects of the food supplementation with coconut oil (CO) on biometric and metabolic
parameters in an animal model of obesity. Wistar rats fed a high-carbohydrate diet (HCD rats) develop metabolic disorders very
similar to those found in human metabolic syndrome, including increased adiposity, insulin resistance (IR), non-alcoholic fatty liver
disease (NAFLD) and dyslipidemia. Although HCD rats had normal fasting glycemia, they developed IR as revealed by Homa-IR
index and, after glucose overload, exhibited higher peaks of insulinemia and glycemia. These alterations were accompanied by a
higher formation of advanced glycated end products (AGEs). The supplementation with CO improved IR, reduced AGEs formation
and reverted NAFLD. These effects could be due to CO action of reducing visceral adipocyte size and take place without undesirable
collateral effects on lipid profile, placing CO as an adjuvant in the treatment of the metabolic syndrome.
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1. Introduction subcutaneous, adipocytes leads to more detrimental
metabolic effects [7, 8], first because the enlarged
visceral adipocytes exhibit more remarkable
physiological dysfunctions [9, 10] and second because
of their close proximity to hepatic and visceral
immune cells [11]. For instance, enlarged visceral
adipocytes secrete large amounts of TNF-a, which
induces IR in both adipocytes and myocytes [12].
Thus, the enlarged visceral adipocytes display
increased lipolysis, releasing fatty acids (FA) directly
into the portal vein, overloading the liver and leading
to liver fat accumulation [13]. In fact, IR has been

Metabolic syndrome (MSyn) is a multifactorial
condition  characterized by visceral obesity,
hypertension, hyperglycemia, insulin resistance (IR)
and dyslipidemia that can increase the risk of type 2
diabetes, cardiovascular diseases and non-alcoholic
fatty liver disease (NAFLD) [1, 2].

The link between the individual MSyn components
is not totally known, but the frequent combination of
these metabolic abnormalities suggests that they are
indeed interrelated, and that just a few factors may
underlie such combination.

Over 4 decades ago, adipocyte size was shown to
vary inversely with adipocyte insulin sensitivity [3].
Studies have shown functional differences between
large and small adipocytes [4-6]. In general, the
hypertrophy of wvisceral, in comparison with

considered the “first-level” contributing event for the
pathogenesis of NAFLD and other metabolic and
cardiovascular complications of obesity, the so-called
IR-syndromes [14, 15].

It is a reasonable thought that the reduction of
visceral fat depots should improve life expectancies.
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strategies has been to replace some of the
conventional dietary long-chain triglyceride-rich
(LCT, > 12 carbons FA) by medium-chain
triglyceride-rich (MCT, 6-12 carbons) oil [16]. Lipids
varying in FA chain lengths are metabolized
differently. MCTs are absorbed directly into the portal
circulation and transported to the liver for rapid
oxidation [16, 17]. LCTs, on the other hand, are
transported via chylomicrons into the lymphatic
system, allowing for extensive uptake into adipose
tissue. Therefore, the hypothesis has been put forward
that the rapid metabolism of MCTs may increase
energy expenditure and decrease their storage in
adipose tissue [18, 19]. All these results are suggestive
that MCT could potentially prevent or control obesity
in humans.

In this context, the intake of coconut oil (Cocos
nucifera) has increased over the years. Cold-pressed
coconut oil (CO) is composed of about 93%
medium-chain saturated FA, predominantly lauric and
myristic acids. Studies aimed at investigating the
effects of CO and MCT oil in body weight (BW) have
demonstrated that it was effective in reducing central
obesity without undesirable effects on plasma lipid
profile [20-22]. However, the effects of CO on the
size of adipocytes—an indirect indicator of IR—were
not assessed in these studies.

Previous studies have reported that rats fed with
high-carbohydrate diet (HCD) develop metabolic,
cardiovascular and hepatic complications [23, 24] that
are similar to human MSyn [25]. In this way, the

Table1 Fatty acid composition of coconut oil (CO).

purpose of this work was to evaluate the effects of CO
on an animal model of obesity induced by HCD. The
parameters evaluated included BW gain, adiposity
index, adipocyte diameter, liver lipid contents, plasma
lipid profile, glycemia, insulinemia and the formation
of advanced glycated end-products (AGEs).

2. Material and Methods
2.1 Materials

Kits from Gold Analisa® (Belo Horizonte, Brazil)
were used to measure blood levels of lipids, glucose
and fructosamine. Sodium heparin was obtained from
Roche (S& Paulo, Brazil). The other reagents were
from Merck (Darmstadt, FRG), Carlo Erba (S& Paulo,
Brazil) and Reagen (Rio de Janeiro, Brazil). Plasma
insulin levels were measured by radioimmunoassay
(Wizard2 Automatic Gamma Counter®, TM-2470,
PerkinElmer, Shelton-CT, EUA). A commercially
available extra-virgin coconut oil was used and its
composition is presented in Table 1.

2.2 Animals, Diets and Treatment

This study was approved by the Ethics Committee
for the Use of Animals of the State University of
Maringa(Certificate No. 018/2014).

Male Wistar rats (n = 35) aging 21 days (weaned)
were kept under controlled temperature (23 <€) and
photoperiod (12 h light/12 h dark) in polypropylene
cages. Eleven rats were fed with a standard rodent
chow (Nuvilab CR1®, Nuvital, Brazil) (CON rats, n = 11)

Fatty acid %/100 g CO
Caproic acid C6:0 0.38
Caprylic acid C8:0 5.56

Capric acid C10:0 4.99

Lauric acid C12:0 45,78
Mpyristic acid C14:0 18.56
Palmitic acid C16:0 8.85

Stearic acid C18:0 3.39

Oleic acid C18:1 5.65
Linoleic acid C18:2 0.94
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and twenty-four rats were fed with high-carbohydrate
diet (HCD rats). The HCD was composed of 33%
standard chow, 33% condensed milk (Nestl&, Brazil),
7% crystalized sugar (Uni&®, Brazil) and 8.6% water.
The nutritional values of the standard and HC diets
were, respectively: 402 and 428 kcal/100 g; 57.5 and
68% carbohydrate; 30 and 16% protein; 12.5 and 16%
fat [23]. Diets were offered in pellets and ad libitum.

After 10 weeks, twelve HCD rats were treated with
extra-virgin coconut oil (HCD + CO rats) for 4 weeks,
at the dose of 6 mg/100 g body weight (BW) by
esophageal gavage (final volume of 0.1 mL/100 g BW)
divided into two administrations, which were done at
10:00 AM and 5:00 PM. The other twelve untreated
HCD rats and the CON rats were given the same
volume of saline. The dose of CO was chosen based
on Assung et al. [20].

The entire experimental period lasted 14 weeks,
during which the animals were recorded for their BW
once a week and food ingestion every two days to
calculate total food intake. Weight gain was calculated
as the difference between the final weight and the
initial weight.

At the age of 120 days, the animals were used for
the experiments described below.

2.3 Intravenous Glucose Tolerance Test (ivGTT)

To perform these tests, a polyethylene cannula was
inserted in the right jugular vein [26] under anesthesia
(thionembutal 40 mg/kg BW after lidocaine 5 mg/kg
BW) on the day before the experiments. The cannula
was used for glucose infusion as a “bolus” (1 g
glucose/kg BW) and collection of blood samples at
the times 0, 5, 15, 30, 45 and 60 min, time 0 min
being immediately before glucose infusion. The
ivGTT was performed at 8:00 AM after an overnight
fasting. The blood samples collected were transferred
to heparin-coated tubes and centrifuged for glucose
determination. Plasma samples were kept at -20 <C for
insulin measurements. The fasting insulinemia and
glycemia were used to calculate the IR, expressed in

terms of the homeostasis model assessment of IR
(HOMA-IR Index) [27]. Plasma glucose was
expressed as mg/dL and insulinemia as ng/mL.

2.4 Removal of Tissues and Collection of Blood

After the glucose tolerance test, euthanasia was
carried out with a lethal dose of thionembutal (100
mg/kg BW, i.p.). Blood samples were collected by
cardiac puncture and the serum was used to measure
fructosamine, total cholesterol (TC), high-density
lipoprotein (HDL) and triglycerides (TG). Samples of
liver were removed, clamped in liquid nitrogen and
stored at -80 T for further determination of lipid
content. In addition, fat depots (epididymal,
mesenteric, retroperitoneal and inguinal) were
removed and weighed. The adiposity index was
defined as the sum of fat weight/100 g BW [28]. The
retroperitoneal adipose tissue was used to determine
adipocyte size. The respective protocols are described
below.

2.5 Serum Biochemical Analyses

Total cholesterol, HDL and TG were analyzed in
serum by standard methods using assay kits (Gold
Analisa®). Very low-density lipoprotein (VLDL)
levels were calculated using the Friedewald’s equation
[29] and low-density lipoprotein (LDL) levels were
determined by subtracting HDL and VLDL from TC.
The values were expressed as mg/dL. Fructosamine
was used as a marker of long-term glycemic control
and formation of AGEs. The levels of fructosamine
were evaluated using commercial kits (Gold Analisa®,
Brazil) and expressed as mmol/L.

2.6 Determination of Hepatic Lipid Content

The liver total lipid content was determined using
the gravimetric method [30], which is based on the
extraction of lipids from homogenized liver samples
(approximately 1.0 g) in a chloroform-methanol
mixture (2:1). Lipids were resuspended in 2% Triton,
followed by agitation and heating to 55 <C. TC and
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TG contents were measured using commercial Kits
(Gold Analisa®, Brazil). The results were expressed as
g/g of liver wet weight.

2.7 Adipocyte Isolation and Adipocyte Cell Size
Determination

Adipocytes were isolated using a modified version
of the method described by Rodbell [31]. Briefly, the
retroperitoneal adipose tissue (approximately 1.0 g)
was cut into fine pieces and put into 4.0 mL digestive
buffer pH 7.5 containing 1.0 g% glucose-free DMEM
(Dulbecco’s Modified Eagle Medium Base), 1 mM
sodium pyruvate, 4.2 mM sodium bicarbonate, 25 mM
HEPES, 4.0 g% bovine serum albumin, 1 mg/mL type
Il collagenase, 1 mg% phenol red. The samples were
incubated in an orbital agitation water bath at 37 €
for 60 min. The cell suspension was filtered through a
double layer of nylon cloth and then washed three
times by flotation in a medium containing: 0.81 mM
magnesium sulfate, 5.4 mM potassium chloride, 0.11
M sodium chloride, 1.2 mM sodium phosphate
monobasic, 1.4 mM calcium chloride, 25 mM HEPES,
1 mM sodium pyruvate, 1 mg% phenol red and 1 g%
bovine serum albumin, pH 7.5.

The washed cell suspension was placed on a glass
slide and the images of the adipocytes were captured
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at 40> original magnification with a high-resolution
digital camera (Pro-Media Series, Cibertecnics®)
coupled to an optical microscope Olympus BX40®,
Japan) with 50-pm scale bar. Adipocyte diameters (50
cells per animal) were measured using a computerized
image analysis system (Image Pro-Plus®, Media
Cybernetics, USA).

2.8 Statistical Analyses

The results were expressed as mean =standard error
(SE). Prism 5.0° (GraphPad, USA) was used to
calculate the area under curve (AUC) and perform the
statistical analyses (One-way ANOVA followed by
the Tukey’s test). The level of significance was set at
5%.

3. Results
3.1 Progression of BW

Fig. 1 shows the time course of BW gain of the three
animal groups, from weaning (21 days old, week zero)
until the end of the experimental period (week 14).
At 21 days, the BW of the animals of the three groups
was similar (CON = 39.4 +1.0 g; HCD = 39.8 +1.1 g;
HCD + CO = 39.0 1.0 g). Even after the animals
started to receive different diets this tendency did not
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Fig. 1 Body weight of CON, HCD and HCD + CO rats from weaning (Week 0) until the end of the experimental period

(Week 14). The arrow shows the beginning of the supplementation with CO (Week 10, 6 mg/100 g BW). The columns are the
BW gain and are expressed as the mean £SE (n = 11-12/group). Different letters represent statistical difference (p < 0.05).
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change until Week 10. Coincidentally, this was the
onset of the supplementation with CO. However, all
HCD rats exhibited greater weight, regardless of
supplementation with CO or not. At the end of Week
14, HCD and HCD + CO rats were heavier than CON
rats by about 13%.

The animals were evaluated for adipose tissue mass
and adiposity index. As shown in Fig. 2, HCD and
HCD + CO rats exhibited significant and similar
increases in  their epididymal (+49%) and
retroperitoneal (+64%) fat depots. Although no
alterations were seen in the inguinal or mesenteric fats
(> 0.05 compared with CON rats), there was a
remarkable increase in the adiposity index in these
groups (+33%) compared with CON rats.

The changes in BW and adiposity index were
correlated with changes in food intake, since all the
animals ingested similar amounts of chow (p > 0.05)
along the entire experimental period (CON rats
2,274.80 £38.9 g; HCD rats 2,236.10 £25.9 g; HCD
+ COrats 2,234.9 £32.9 g).

3.2 Determination of Adipocyte Diameter

The results of retroperitoneal adipocyte diameters
are presented in Fig. 3. The HCD rats had larger

adipocytes compared with CON rats; the
supplementation with CO reversed this hypertrophy.

3.3 Biochemical Blood Analysis

Table 2 shows the blood metabolic profile of the
three groups after overnight fasting at the end of the
14 weeks. All animals had normal and similar fasting
glycemia (p > 0.05), but HCD and HCD-CO rats had
much higher insulin levels than CON rats. The
supplementation with CO, however, significantly
reduced this level so that insulin level in HCD + CO
rats was intermediary between HCD and CON rats but
different from both. The insulin sensitivity, as
assessed by Homa-IR index, matched the insulin level
of each group—it was much greater in HCD rats,
intermediary in HCD + CO rats and lower in CON
rats.

As for the lipid profile, although TC, HDL and
LDL did not differ between the groups,
VLDL-cholesterol and TG levels were significantly
and similarly increased in both HCD and HCD + CO
rats, by approximately 26%, compared with CON rats.

3.4 Glucose Tolerance Test

The values of glycemia and insulinemia obtained
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Fig. 2 Adipose tissue weight and adiposity index of CON, HCD and HCD + CO rats. The results are expressed as mean +SE
(n =11-12/group). Different letters represent statistical difference (p < 0.05).
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Fig. 3 Isolated retroperitone'al adipocytes of CON (A), HCD (B) and HCD + CO (C) rats and adipocyte diameters (D). The
results are expressed as mean =SE (n = 8/group). Different letters represent statistical difference (p < 0.05).

Table 2 Biochemical blood parameters of CON, HCD and HCD + CO rats.

Parameters CON HCD HCD+CO
Glycemia (mg/dL) 79.89 +1.70% 80.42 +2.77% 82.90 +3.53%
Insulinemia (ng/mL) 0.051 +0.26° 0.209 +0.06° 0.159 +0.04°
Homa-IR index 0.165 +0.03? 0.671 +0.14° 0.311 +0.05°
TG (mg/gL) 89.14 +7.26° 118.96 +9.07° 119.71 +7.35°
TC (mg/dL) 76.48 +3.23° 85.66 +1.49° 86.33 +1.86°
HDL (mg/dL) 32.86 +2.27° 34.21 +1.01° 35.00 +1.66°
LDL (mg/dL) 25.79 +2.83% 27.65 +1.94% 27.38 +1.94°
VLDL (mg/dL) 17.83 +1.45% 23.79 +1.81° 23.94 +£1.47°

The results are expressed as mean £SE (n = 10-12 /group). Different letters represent statistical difference (p < 0.05).

during the ivGTT are given in Figs. 4A and 4B,
respectively. The histograms are AUCs of both
measures. HCD rats had higher glycemic and
insulinemic  indices than CON rats. The
supplementation with CO could restore these values,
as shown by the AUC values.

3.5 Liver Total Lipid Content

Fig. 5 shows the results of liver total lipid content.

The livers of CON rats had normal lipid content of
about 5% [32]. However, in HCD rats, it increased
21%, characterizing NAFLD. The
supplementation with CO totally reversed this
condition.

extensive

3.6 Determination of Fructosamine

Plasma fructosamine concentrations (Fig. 6) were
used as an index of long-term glycemic control and
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10/group). Different letters represent statistical difference
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Fig. 6 Plasma fructosamine of CON, HCD and HCD + CO
rats. Results are expressed as mean £SE (n = 9-10/group).

Different letters represent statistical difference (p < 0.05).
AGE formation. The fructosamine levels were
increased in HCD rats compared with CON and the
supplementation with CO normalized this parameter.

4. Discussion

The rats fed with HCD developed metabolic
disorders very similar to those of human MSyn,
including increased adiposity, IR, NAFLD and
dyslipidemia, as previously described [23]. Although
HCD rats had normal fasting glycemia, they had IR as
revealed by Homa-IR index; moreover, after a glucose
overload, they had higher peaks of insulinemia and
glycemia. These alterations were accompanied by a
higher AGE formation, as assessed by measurements
of fructosamine levels. As serum proteins have a
faster turnover than other proteins they allow the
detection of rapid fluctuations in plasma glucose
levels [33].

The supplementation with CO ameliorated IR, as
demonstrated by Homa-IR index and the lower peaks
of insulinemia and glycemia during the glucose
challenge. NAFLD, assessed by the liver lipid content,
was also reversed by CO. We can assume that the
primary effect of CO would be reducing the size of
visceral (retroperitoneal) adipocytes, since it did not
change adipose tissue weight or adiposity index. The
logic of this reasoning is supported by O’Connell et al.
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[8], who compared healthy and unhealthy severely
obese men and observed that omental, but not
subcutaneous, adipocyte sizes are correlated with
metabolic disturbances, and that the individual’s
adipocyte size is more important than his body weight.
These same observations were made by comparing
lean and obese humans [10, 34]. The decreased
adipocyte size not accompanied by decreased
retroperitoneal weight can be ascribed to a persistent
fibrosis of the extracellular matrix, which is enhanced
by body weight gain [35].

Enlarged visceral adipocytes exhibit the most
pronounced diameter-related alterations, including
high levels of tumor necrosis factor (TNF-a) [4] and
low adiponectin release [36], which were shown to be
related with lower adipocyte responsiveness to insulin
[12], increased lipolysis [13] and lower glucose uptake
[5]. In addition to inducing IR TNF-a, together with
other cytokines, such as interleukin (IL) 1P, are
pro-inflammatory [11]. Recent studies performed with
obese, postmenopausal women have revealed that, by
replacing common vegetal oil by CO, the plasma
levels of TNF-o and IL-1B decreased, as well as the
inflammation [37]. It has also been demonstrated that
MCTs inhibit the production of inflammatory
cytokines [38], once again supporting our hypothesis.

The increased lipolysis by the insulin resistant
visceral adipocytes overloads the liver with FA [13].
Additionally, insulin robustly stimulates liver de novo
lipogenesis, decreases FA oxidation [38] and
promotes autophagic degradation of apolipoprotein
B100 (apoB100), thus limiting the release of VLDL
from the liver [39]. Together, these events trigger
NAFLD, as observed here for HCD rats. Our results
also demonstrated that the improvement of IR by CO
was accompanied by a reversal of NAFLD in HCD +
CO rats.

Beyond hyperinsulinemia, another factor in HCD
rats that could impair the lipid disposal pathways is
the inhibition of the enzyme carnitine palmitoyl
transferase | (CPT-1) by malonyl-CoA, in this

condition of dietary carbohydrate abundance. This
first limiting enzyme for the oxidation of long chain
fatty acids (LCFA) is located at the mitochondrial
outer membrane, where it controls the conversion of
acyl-CoA into acyl-carnitine, its access to the
mitochondrial matrix and, therefore, the rate of
mitochondrial LCFA  oxidation.  CPT-l is
physiologically inhibited by malonyl-CoA, which is
formed from acetyl-CoA in the first (limiting) step of
the de novo FA synthesis [40]. Thus, high rates of
fatty acid synthesis result in low rates of fatty acid
oxidation, and vice versa.

As medium chain fatty acids (MCFA) enter
mitochondria independently of CPT-I, excess
carbohydrates (which are converted to malonyl-CoA)
may not inhibit their oxidation [40]. In this way, it is
expected that the supplementation with CO during
HCD would bring about a novel situation to the liver:
B-oxidation (of MCFA) as well as the production of
malonyl-CoA and subsequent de novo FA synthesis
(from carbohydrates) should be accelerated. As the
oxidation of MCFA has been associated with
increased  oxygen consumption and  energy
expenditure compared to LCFA [18], the reduction of
fat liver deposits, as observed in HCD + CO rats, was
not surprising.

Some of the lipids synthesized within the
hepatocytes are released into the bloodstream as
VLDL. The fasting VLDL levels were increased in
HCD rats, probably as a consequence of the
physiological impairment of hepatic insulin regulation
of apoB100 as a result of liver fat accumulation [39].
Insulin stimulation of de novo lipogenesis occurs
independent of its effects on apoB100. Thus,
increased release of VLDL and hypertriglyceridemia
are  common features in the setting of
hyperinsulinemia and IR [41].

In this way, in HCD rats, the increase of fasting
VLDL and TG should reflect VLDL
hyper-secretion rather than reduced clearance of TG
by adipose tissue lipoprotein lipase (LPL). In fact, this

levels
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rate-limiting enzyme, is activated by insulin, thus
promoting fat storage [42].

In HCD + CO rats, the VLDL and TG levels were
also similarly increased, but we believe that the
mechanisms involved in this were quite distinct.
Normally, in the liver, LCFA is more efficiently
incorporated in VLDL than MCFA. However, in
long-term experiments, the situation could be altered
in such a way that hypertriglyceridemia would appear
as a direct consequence of MCT intake, as has been
demonstrated in animal studies [43] and human
surveys [44]. In addition, in HCD + CO rats a
reduction in LPL activity could contribute to the
increase in VLDL and TG, as already described for
Zucker rat adipose tissue during long-term MCT
feeding [45].

Despite these undesirable effects of CO observed in
the present study in rats fed with HCD, epidemiologic
studies of African and South Pacific populations
whose diets contain coconuts have revealed no
association between coconut oil ingestion and obesity
or dyslipidemia [46, 47]. Other studies investigating
the effect of coconut oil in humans obtained
conflicting results concerning lipid profile and body
weight [20, 21, 48].

Finally, our results demonstrated that the
endogenous formation of AGE (as judged by plasma
fructosamine), was increased in HCD rats. The
importance of the endogenous formation of AGEs
began to be recognized in the 1970°s when glycated
hemoglobin (HbA1c) was found to be associated with
diabetes hyperglycemia [49]. AGEs act on many
receptors, including the receptor for advanced
glycation end products (RAGE) [50]. RAGE
activation induces ROS generation and inflammation
via activation of NADH oxidase and release of TNF-a.
[51, 52]. Elevated TNF-o further increases ROS
formation, which triggers the mitochondrial pathway
of cell death [53]. The higher ROS formation, in turn,
leads to a higher expression of RAGE. Altogether,
these events create vicious cycles of oxidative and

inflammatory damage. There is now strong evidence
that the accumulation of AGEs results in changes of
extracellular matrix structure and function, and they
have been implicated in the pathogenesis of renal,
neurological, retinal and  vascular  diabetic
complications [54]. In this way, the finding that CO
was able to prevent the elevations of fructosamine, a
marker of AGE formation, was very encouraging.

5. Conclusions

In conclusion, the supplementation with CO
improved several effects caused by HCD, including a
decrease of visceral adipocyte size, improvement of
IR, reduced AGE formation and reversal of NAFLD,
without undesirable effects on the lipid profile. These
results suggest that CO may be an important adjuvant
in the treatment of the metabolic syndrome.
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