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A B S T R A C T

Alpha-terpineol is a monoterpenoid found in many essential oils, being widely used in food and household
products. In vitro antioxidant and anti-inflammatory activities have already been associated with this alcohol;
therefore, this study aimed to check if these properties were also present in vivo, counteracting the oxidant and
inflammatory effects of a high-fat diet, as well as if there were differences in the biological activities among the
two α-terpineol enantiomers. Thus, this work evaluated the effect of supplementation of α-terpineol enantiomers
(at 25, 50 and 100 mg/kg of diet) on biological parameters of diet-induced obese Sprague-Dawley rats. In general,
α-terpineol improved the nutritional parameters of rats fed a high-fat diet. The intake of α-terpineol at concen-
trations �50 mg/kg was able to reestablish the insulin sensibility and reduced (p < 0.05) serum levels of pro-
inflammatory cytokines TNF-α and IL-1β, when compared with the control group. The intake of R-(þ)- and
(–)-α-terpineol decreased the TNF-α level by approximately 1.5 and 3.4 times, respectively, when compared with
the high-fat group, regardless of the concentration. Moreover, both enantiomers at 50 mg/kg decreased the levels
of serum thiobarbituric acid reactive substances (TBARS) by 2.6–4.2 times, while hepatic TBARS were reduced in
approximately 1.6 times, regardless of the compound and concentration tested. Further experiments are suggested
to confirm the mechanisms and the security of α-terpineol in different experimental models and more extended
exposure experiments.
1. Introduction

Obesity is currently recognized as one of the most important public
health problems worldwide due to its contribution to the significant in-
crease in premature death and early disability. This condition is closely
related to a higher risk for the development of a series of chronic non-
communicable diseases such as insulin resistance, type 2 diabetes, hy-
pertension, dyslipidemias, liver and cardiovascular diseases, and certain
types of cancer [1, 2]. Excessive consumption of products with a high
energy density and high fat and/or sugar content is among the leading
causes of obesity, as well as the reduction of physical activity associated
with lifestyle changes generated by urbanization [3]. Thus, molecules
targeting this problem have attracted the interest of many scientists, and
the use of terpenes in this sense has already yielded relevant results [4],
encouraging other studies with chemically related molecules.
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Limonene is the most abundant monoterpene in nature. Its S-(–)-
enantiomer is found in low concentrations in Mentha and conifers oils,
while R-(þ)-limonene is the main constituent of orange peel oil [5]. In
2017, Brazil alone exported more than 50 thousand tons of
R-(þ)-limonene-containing by-products (0.8.106 kg D-limonene,
22.4.106 kg citrus terpene and 27.1.106 kg orange essential oil) at prices
ranging from US$6.5 to US$9/kg [6]. The large availability and low price
of limonene have attracted the interest of researchers aiming more noble
uses of this underutilized product [7, 8].

The biotechnological oxyfuncionalization of limonene, which has
been widely reported over the past 50 years [9, 10], is one of the stra-
tegies to add value to this by-product, since oxidized counterparts of
limonene have shown interesting biological properties both in vitro and in
vivo. One of the most notable examples is perillyl alcohol, which has
shown the potential for treating malignant glioma in humans [11].
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he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:bicas@unicamp.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2020.e03752&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2020.e03752
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2020.e03752


Figure 1. Separation curves of limonene (▴) and α-terpineol (■) in the oily fraction resulting from the biotransformation of (A) R-(þ)- and (B) S-(–)-limonene. This
procedure was carried out in an open column (37 mm diameter � 15 cm stationary phase) containing activated (105 �C/3h) silica gel 60 eluted with hexane:ethyl
acetate (9:1).

Table 1. Table of contents (g/kg) for each diet.

Ingredients (g) Groups*

AIN HF S25 S50 S100 R25 R50 R100

Casein 145 145 145 145 145 145 145 145

Corn starch 453 269 269 269 269 269 269 269

Maltodextrin 132 77.0 77.0 77.0 77.0 77.0 77.0 77.0

Sucrose 100 58.5 58.5 58.5 58.5 58.5 58.5 58.5

Cellulose 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0

Mineral mix 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0

Vitamin mix 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

L-cystine 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

Choline bitartrate 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50

TBHQ 0.0140 0.0140 0.0140 0.0140 0.0140 0.0140 0.0140 0.0140

Soybean oil 70.0 40.0 40.0 40.0 39.9 40.0 40.0 39.9

Lard - 310 310 310 310 310 310 310

α-Terpineol - - 0.0250 0.0500 0.100 0.0250 0.0500 0.100

Total 1000 1000 1000 1000 1000 1000 1000 1000

* Supplemented groups - S25: hyperlipidic diet plus 25 mg/kg of (�)-α-terpineol; S50: hyperlipidic diet plus 50 mg/kg of (�)-α-terpineol; S100: diet hyperlipidic diet
plus 100 mg/kg of (�)-α-terpineol; R25: hyperlipidic diet plus 25 mg/kg of R-(þ)-α-terpineol; R50: hyperlipidic diet plus 50 mg/kg of R-(þ)-α-terpineol; R100:
hyperlipidic diet plus 100 mg/kg of R-(þ)-α-terpineol (Table 2).
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Carvone, in turn, besides inhibiting chemically induced lung and stom-
ach cancers, could also act as antimicrobial agent, insect repellent, potato
sprouting inhibitor, also inducing glutathione S-transferase [12].

The biotransformation of limonene into α-terpineol, for instance, has
been described using a wide variety of biocatalysts, but the bioprocess
employing Shingobium sp. is particularly interesting, since α-terpineol
production in the order of hundreds of grams per liter has been reported
[13, 14]. Moreover, this microorganism could biotransform both R-(þ)-
and S-(–)-limonene, yielding R-(þ)- and S-(–)-α-terpineol, respectively
[14]. In terms of bioactivity, several biological properties have been
Table 2. Proximate composition of the diets (g/100g).

Parameter Groups

AIN HF S25 S50

Moisture 8.10 � 0.06a 5.20 � 0.39b 5.10 � 0.08b 4.70

Proteinns 13.1 � 0.8 12.6 � 0.3 12.7 � 0.3 12.6

Ashns 2.90 � 1.4 2.30 � 0.35 2.90 � 0.04 3.00

Lipids 15.1 � 0.9b 38.0 � 0.9a 36.3 � 0.4a 37.8

Carbohydrates 60.8 � 3.2a 41.9 � 1.9b 43.0 � 1.6b 41.9

Caloric value (kJ/100g) 1806 � 20b 2344 � 15a 2321�9a 2331

Results presented as the mean� standard deviation (n¼ 3). Averages in the lines follow
the Tukey Test. Hyperlipidic (HF) and hyperlipidic groups supplemented with 25 mg/
α-terpineol (R 50) and (�) - α-terpineol (S 50) and 100 mg/kg of R-(þ)-α-terpineol (
nsNot significant by the Tukey test at the 5% probability level.
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attributed to α-terpineol [15]. However, as far as we know, no studies are
dealing with the effect of α-terpineol in high-fat obesity models, although
it presents anti-inflammatory and antioxidant activities, which are
closely related, for example, to protection against the pathophysiological
mechanisms involved in the genesis of obesity [16, 17, 18]. Moreover,
only scarce information regarding the differences in the bioactivity be-
tween α-terpineol enantiomers is found, although it is widely known that
stereochemistry might be determinant to some physiological properties
[19]. In this way, it was hypothesized that the consumption of α-terpineol
could counteract the oxidant and inflammatory effects associated with a
S100 R25 R50 R100

� 0.06c 4.50 � 0.02d 4.50 � 0.12d 4.40 � 0.47de 4.30 � 0.14e

� 0.2 12.9 � 0.6 12.8 � 0.8 12.5 � 0.3 12.4 � 0.2

� 0.13 3.00 � 0.07 3.00 � 0.15 2.80 � 0.02 2.90 � 0.09

� 0.2a 36.7 � 0.2a 37.1 � 0.1a 37.0 � 0.1a 37.2 � 0.4a

� 1.2b 42.9 � 1.7b 42.6 � 2.3b 43.3 � 1.8b 42.9 � 1.7b

� 12.9a 2324 � 14a 2325 � 12a 2327 � 10a 2324.�13a

ed by same letters do not differ from each other at the 5% level of significance by
kg of R - (þ) - α-terpineol (R25) and (�) - α-terpineol (S25), 50 mg/kg of R - (þ) -
R 100) and (�) - (S100).



Figure 2. Design of the animal experiment. The diet composition of each
treatment group is described in Figures 1 and 4. AIN group fed AIN-93G diet; HF
– AIN-93G diet modified to hyperlipidic content (35% fat); R25, R50, and R100
(HF diet supplemented with 25, 50 or 100 mg/kg of R-(þ)-α-terpineol, respec-
tively); and S25, S50 and S100 (HF diet supplemented with 25, 50 or 100 mg/kg
of (–)-α-terpineol, respectively).
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high-fat diet and that this biological property could also be dependent on
the spatial configuration of this molecule.

Based on the above, this preliminary study employed an experimental
model of obesity to investigate if a diet containing α-terpineol could
attenuate metabolic disorders caused by a hyperlipidic diet and also
identify possible differences in the physiological responses for
α-terpineol enantiomers.

2. Materials and methods

2.1. Chemicals

All the reagents used in the experiments presented analytical grade,
except α-terpineol, which was obtained as described in the sequence.

Considering that the α-terpineol standards commercially available
lack good enantiomeric excess and considering that Sphingobium sp. can
specifically convert R-(þ)- and S-(–)-limonene to R-(þ)- and S-
(–)-α-terpineol, respectively [13], we produced our own test materials,
Figure 3. Total weight gain of Sprague Dawley rats submitted to different
treatments for 12 experimental weeks. Results expressed as a mean � standard
deviation. AIN group fed AIN-93G diet; HF – AIN-93G diet modified to hyper-
lipidic content (35% fat); R25, R50, and R100 (HF diet supplemented with 25,
50 or 100 mg/kg of R-(þ)-α-terpineol, respectively); and S25, S50 and S100 (HF
diet supplemented with 25, 50 or 100 mg/kg of (–)-α-terpineol, respectively).
Different letters indicate the significant statistical difference (p < 0.05). One
way ANOVA, with Tukey post-test (n ¼ 6 per group).
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following the procedure optimized by Molina et al., 2019 [14]. Briefly,
the biotransformation system consisted of a 250 mL Erlenmeyer flask
filled with 37.5 mL of an aqueous phase containing 3.5 g/L (OD600 ¼ 10)
frozen biomass and 12.5 mL of soybean oil, which presented 350 g/L
substrate (limonene). After incubation for 72 h (for R-(þ)-limonene
biotransformation) or 120 h (for S-(–)-limonene biotransformation) at
200 rpm and 28 �C, the organic layer was recovered and extracted with
the same volume of ethanol. This alcoholic fraction was concentrated on
rotary evaporator (40 �C under vacuum) and the resulting oily substance
(5 mL) was fractionated in an open column (37 mm diameter � 15 cm
stationary phase) containing activated (105 �C/3h) silica gel 60 (Merck
Millipore, Darmstadt, Germany) eluted with hexane:ethyl acetate (9:1)
(adapted from Madyastha and Renganathan [20]). The eluate between
210 mL and 560 mL, containing the α-terpineol fraction (Figure 1), was
concentrated on a rotary evaporator, analyzed in a gas chromatograph
(Section 2.2) and kept in amber flasks at �18 �C until being used to
prepare the feed for the animal model (Section 2.3).

2.2. Gas chromatography analysis

The volatile compounds present in the ethanol extract were analyzed
in HP-7890A gas chromatography coupled with a Flame Ionization De-
tector (GC-FID). A HP-5 capillary column (30 m length � 0.25 mm in-
ternal diameter � 0.25 μm film width) was used for routine analysis and
for quantifying the compounds, while a β-DEX 120 chiral column (60 m
length � 0.25 mm internal diameter 0.25 μm film width) was used to
identify the enantiomers present in the sample. Helium was used as
carrier gas at a constant flow of 1.0 mL/min, and the split ratio was 1:10.
For the analysis with HP-5 column, the oven temperature was preserved
at 80 �C for the initial 3 min, increased at 20 �C/min until the final
temperature of 200 �C, which was maintained constant for additional 4
min. As for the analysis with the chiral column, the oven temperature was
maintained constant at 120 �C. The enantiomeric excess (ee) was
calculated based on the peak areas of each enantiomer.

2.3. Biological assay

2.3.1. Diets
The experimental diets were elaborated according to the American

Institute of Nutrition (AIN-93G), for growing rodents. The lean control
group (AIN - pair-fed) consumed a normolipidic diet in the same amount
of diet consumed by HF group (AIN-93G diet modified to hyperlipidic
with 35% fat as 31% lard and 4% vegetable oil [21]) (Tables 1 and 2). In
the experimental diets, R-(þ)- and (–)-α-terpineol were added in the
soybean oil at three different concentrations, 25, 50, and 100 mg/kg of
diet, and these diets were offered ad libitum. These concentrations were
c.a. one order of magnitude lower than NOAEL (No Observed Adverse
Effect Level - 250 mg/kg bw) of α-terpineol [22].

The proximate composition of the diets was done by the following
analyses: moisture (105 �C), protein and ash, according to the method-
ologies of the Association of Official Analytical Chemists [23]; lipids by
Bligh and Dyer [24]; total carbohydrate content (including total dietary
fiber) was calculated by the difference between 100 and the sum of
moisture, protein, lipids, and ashes; energy value was estimated based on
the protein, lipid, and carbohydrate levels, according to the Atwater
system, using the specific coefficients (carbohydrates and proteins 17
kJ/g and lipids 38 kJ/g) [25].

2.3.2. Experimental design
All experiments were performed following the Brazilian National

Council for Control of Animal Experimentation (CONCEA), and the
protocol was approved by the institutional Ethics Committee on the Use
of Animals - UNICAMP (#3843-1/2015). Forty-eight male Sprague-
Dawley rats (21 days old) weighing approximately 150 g were random-
ized into eight groups (n ¼ 6). The animals were kept in individual
growth cages and submitted to a period of adaptation and



Figure 4. Weekly caloric intake (A) and
weekly evolution of body weight gain
(B) of Sprague Dawley rats submitted to
different treatments for 12 experimental
weeks. Results expressed as the mean �
standard deviation (n ¼ 6 per group).
AIN group fed AIN-93G diet; HF – AIN-
93G diet modified to hyperlipidic con-
tent (35% fat); R25, R50, and R100 (HF
diet supplemented with 25, 50 or 100
mg/kg R-(þ)-α-terpineol, respectively);
and S25, S50 and S100 (HF diet sup-
plemented with 25, 50 or 100 mg/kg
(–)-α-terpineol, respectively).
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acclimatization, consuming a commercial diet (Labina, Purina, Paulínia,
SP, Brazil). The environmental temperature was controlled (21 � 3 �C)
under a 12-hour light-dark cycle, with free access to water and food. After
seven days of adaptation, the lean group, identified as AIN, kept receiving
AIN-93G diet, while the obese animals were fed AIN-93G diet modified to
high-fat and hypercaloric (HF) diet for the next five weeks for the
development of obesity. After this period, the animals were randomly
divided into seven groups, namely HF (only HF diet); R25; R50, and R100
(HF diet supplemented with 25, 50 or 100 mg/kg R-(þ)-α-terpineol,
respectively); and S25, S50 and S100 (HF diet supplemented with25, 50
or 100 mg/kg (–)-α-terpineol, respectively). This treatment lasted six
weeks, and during this period the lean control group (AIN) received the
4

same amount of diet consumed by HF group (pair-fed) to match the food
intake of both groups (Figure 2). Body weight was measured once a week.

2.3.3. Analytical assays
Glucose tolerance test (GTT) and insulin sensitivity test (ITT) [26]

were performed after 12 h of fasting in the 10th and 11th experimental
weeks, respectively. For GTT, glucose (2.0 g/kg bw) was administered
intraperitoneally in fasted animal, and a small cut at the tip was done for
blood collection. The blood glucose level was measured on strips inserted
into a digital glucose meter (FreeStyle Lite, Abbott, Alameda, CA, USA) at
0, 30, 60, 90 and 120 min after glucose administration. For ITT, insulin
was injected intraperitoneally (5.0 U/kg bw), and blood glucose



Figure 5. Serum total cholesterol (A), LDL-
cholesterol (B) and triglycerides (C) from
Sprague-Dawley rats. Results expressed as a
mean � standard deviation. AIN group fed
AIN-93G diet; HF – AIN-93G diet modified to
hyperlipidic content (35% fat); R25, R50,
and R100 (HF diet supplemented with 25, 50
or 100 mg/kg R-(þ)-α-terpineol, respec-
tively); and S25, S50 and S100 (HF diet
supplemented with 25, 50 or 100 mg/kg
(–)-α-terpineol, respectively). Different let-
ters indicate the significant statistical differ-
ence (p < 0.05). One way ANOVA with
Tukey post-test (n ¼ 6 per group).
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concentration was measured at 0, 15, 30, 45, 60, 90 and 120 min, as
previously described. The ratio of the decay constant (KITT) was calcu-
lated using the formula 0.693/T1/2, where T1/2 is the time required to
reduce baseline glycaemia by half. Serum glucose T1/2 was calculated
from the slope of the glucose decay curve during its linear phase [27].

At the end of the 12th experimental week, the animals fasted for 12 h
were euthanized by exsanguination through the cardiac puncture. Serum
and plasma were separated and frozen at �80 �C until the analyses.
Heart, liver, kidneys, spleen, cecum, brown and epididymal adipose tis-
sue were removed, cleaned with saline solution (0.9% NaCl), and
weighed. Liver samples from each animal were collected and stored in
formalin to perform the histological evaluation after being stained with
hematoxylin and eosin. The image of the slides was obtained using Nikon
Eclipse E-400 photomicroscope (Nikon, Tokyo, Japan) with an increase
of 40X. Hepatic tissue structures and their microscopic changes were
observed, and a descriptive analysis of the morphological characteristics
was performed. The remaining liver tissue was frozen in liquid nitrogen
and stored at �80 �C for future analysis.

The levels of the enzymes alanine aminotransferase - ALT (Wiener lab
1761302, Rosario, Argentina) and aspartate aminotransferase - AST
(Wiener lab 1751302) were evaluated by the enzymatic-colorimetric
method to investigate possible hepatic damage caused by the
α-terpineol intake. Inflammatory cytokines (TNFα and IL-1β) were eval-
uated in serum using ELISA kit (Peprotech®, Rocky Hill, CT, USA).

Thiobarbituric acid reactive substances (TBARS) in serum and hepatic
tissue were quantified according to Cazarin et al. [28]. A standard curve
was obtained using 1.1.3.3-tetraethoxypropane, and the results were
expressed as nmol MDA (malondialdehyde)/mg of tissue or nmol
MDA/mL of serum. Protein concentration in tissue homogenates was
determined by the Bradford method [29] using bovine serum albumin as
standard to normalize the results.
2.4. Statistical analyses

The results obtained were presented as a mean � standard deviation.
For the data with normal distribution, a parametric statistical test
5

(ANOVA and Tukey test) with a significance level of 5% (p < 0.05) was
applied. For data that do not present a normal distribution, nonpara-
metric test was done (Kruskal-Wallis followed by Dunn). Statistical an-
alyses were performed using GraphPad Prism 5.0 software (GraphPad
Software, Inc., La Jolla, CA. USA).

3. Results

3.1. Production of α-terpineol enantiomers

The biotransformation of R-(þ)-limonene by Sphingobium sp. yielded,
after extraction and purification, an oily solution containing (as a per-
centage in GC-FID) 94.5% R-(þ)-α-terpineol, 2.8% S-(–)-α-terpineol and
2.7% residual R-(þ)-limonene. This product, here called R-
(þ)-α-terpineol, presented 97.3% purity of α-terpineol with an enantio-
meric excess (ee) of 94.2% of the R form. The biotransformation of S-
(–)-limonene, on the other hand, resulted in 64.6% S-(–)-α-terpineol,
33.9% R-(þ)-α-terpineol and 1.5% residual S-(–)-limonene. In this case,
the so-called (–)-α-terpineol presented 98.5% purity of α-terpineol with
an enantiomeric excess of 31.5% of the S- isomer.
3.2. Weight gain and serum lipids

The mean total weight gain of each group is shown in Figure 3. More
detailed data, i.e., weekly caloric intake, may be found in Figure 4. HF
group presented higher weight gain (and higher weekly caloric intake),
while almost all α-terpineol fed groups had the lowest weight gain (and
lowest weekly caloric intake). No statistically significant differences were
observed for total weight gain between HF, R50 and R100.

In terms of serum lipids, Figure 5 indicates that the intake of high-fat
diet increased total cholesterol, LDL-cholesterol, and triglycerides when
compared with the lean group, confirming that the intake of a high-fat
diet promotes dyslipidemia associated with obesity. Additionally, the
consumption of the diet supplemented with (–)-α-terpineol (all doses)
and the diet supplemented with 25 mg/kg of R-(þ)-α-terpineol resulted
in a further increase in the level of total and LDL-cholesterol, compared



Figure 6. Histological analysis of the
liver: AIN (A); HF (B); S25 (C); S50 (D);
S100 (E); R25 (F); R 50 (G); R100 (H).
AIN group fed AIN-93G diet; HF – AIN-
93G diet modified to hyperlipidic con-
tent (35% fat); R25, R50, and R100 (HF
diet supplemented with 25, 50 or 100
mg/kg R-(þ)-α-terpineol, respectively);
and S25, S50 and S100 (HF diet sup-
plemented with 25, 50 or 100 mg/kg
(–)-α-terpineol, respectively). Histologi-
cal sections were stained with hema-
toxylin and eosin. Black arrows:
sinusoids. An increase of 40X.
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with HF control group. The consumption of R50 and R100 diets did not
modify the serum lipid profile.

3.3. Hepatic lipid accumulation and function

Liver fatty accumulation or Non-Alcoholic Fatty Liver Disease
(NAFLD) is a condition prevalent in obese people [30]. The accumulation
of lipid droplets in hepatocytes was evaluated by histological analysis in
the liver tissue. Rats fed a normolipidic diet showed normal tissue
morphology, with hepatocytes of hexagonal structure with centrally ar-
ranged nuclei and visible sinusoids (black arrows), without fat deposition
(Figure 6A). On the other hand, animals fed an HF diet (Figure 6B)
showed significant accumulation of lipid droplets in the hepatocyte
6

cytoplasm, besides the loss of the identification of hepatic sinusoids
compared to AIN group. The ingestion of α-terpineol seemed to coun-
teract this effect, since fewer lipid droplets were found in hepatocytes, in
comparison with HF group. Although there is a small accumulation of fat
in some regions, the tissues showed hepatocytes with normal
morphology and visible sinusoids (Figure 6C–H), similar to the normo-
lipidic group (AIN).

The fatty acid accumulation in the hepatocytes can also change the
level of aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) enzymes, which are used as indicators of onset or progression of
liver injury [30]. Also, the AST/ALT ratio has been used as a marker of
insulin resistance [31]. Corroborating the histological analysis, the level
of ALT and the AST/ALT ratio results indicate that α-terpineol



Figure 7. Serum levels of alanine aminotransferase
(ALT) (A) and aspartate aminotransferase/alanine
aminotransferase ratio (AST/ALT) (B) in Sprague
Dawley rats. Results expressed as a mean � standard
deviation. AIN group fed AIN-93G diet; HF – AIN-93G
diet modified to hyperlipidic content (35% fat); R25,
R50, and R100 (HF diet supplemented with 25, 50 or
100 mg/kg R-(þ)-α-terpineol, respectively); and S25,
S50 and S100 (HF diet supplemented with 25, 50 or
100 mg/kg (–)-α-terpineol, respectively). Different
letters indicate the significant statistical difference (p
< 0.05). One way ANOVA with Tukey post-test (n ¼ 6
per group).
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enantiomers intake did not promote change in the liver function
(Figure 7). In fact, the serum levels of ALT in the hyperlipidic control
group (HF) were significantly higher (p < 0.05) than the other experi-
mental groups. However, no statistically significant differences were
observed for ALT levels between the lean group (AIN) and the α-terpi-
neol-treated animals.

The level of thiobarbituric acid reactive substances (TBARS) is
widely used as indicators of lipid peroxidation and to estimate the de-
gree of oxidative stress. As shown in Figure 8A, the serum levels of
TBARS of animals fed a high-fat diet (HF group) were significantly
higher compared with the lean control group (AIN). However, the
supplementation of α-terpineol in a high-fat diet promoted a significant
reduction (40–70%) in these substances compared with HF group,
restoring the levels found for a normolipidic diet (groups S25, S100,
R25), or even lower levels (groups S50, R50 and R100). Similar
behavior was observed in the liver TBARS level, which was higher for
HF group, and no statistical differences were evidenced for the other
groups (Figure 8B).

3.4. Glucose tolerance test (GTT) and insulin tolerance test (ITT)

The glucose tolerance test (GTT) was performed to assess the effect of
α-terpineol enantiomers on the glycemic response against a glucose
overload. There was no significant difference in the basal glycemia (t ¼
0 min) between treatments (p< 0.05), and in all experimental groups the
blood glucose peak occurred 30 min after the intraperitoneal injection of
the glucose solution. The hyperlipidic diets increased GTT levels, in
comparison with the normolipidic group (AIN). This parameter was even
higher for groups receiving α-terpineol, although not statistically
different from HF group, except for S50 (Figure 9).

On the other hand, α-terpineol intake could improve insulin resis-
tance in rats fed a high-fat diet. As shown in Figure 9, the supplemen-
tation of more than 50 mg/kg of α-terpineol in a high-fat diet could
induce an increase in the insulin sensitivity of the animals, reestablishing
the KITT values found for rats fed normolipidic diet.
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3.5. Levels of pro-inflammatory interleukins

The levels of TNF-α and IL-1β pro-inflammatory cytokines were
equivalent in both fat and lean controls (groups HF and AIN) and
significantly lower (p < 0.05) in the groups treated with α-terpineol,
although the levels of IL-1β in groups S25, S50 and R100 did not
significantly differ from HF. Apparently, the effect of α-terpineol on the
reduction of these interleukins was not dose-dependent. In the case of
TNF-α, a significant difference was observed in the interleukin reduction
effect of each α-terpineol enantiomers: while the treatment with
(–)-α-terpineol provided 60–70% reduction of TNF-α, R-(þ)-α-terpineol
caused only 30–40% reduction (Figure 10).

4. Discussion

Obesity is a worldwide health problem which can lead to various
complications related to glucose metabolism, such as the development of
hyperlipidemia, insulin resistance, type 2 diabetes, cardiovascular dis-
eases, culminating in the metabolic syndrome [32, 33]. The intake of a
hypercaloric diet, especially the high-fat (HF) diet contributes to ener-
getic imbalance and weight gain. This weight gain is related to the
accumulation of abnormal or excessive fat in the visceral or subcutaneous
tissue, which can be infiltrated by lymphocytes and macrophages,
contributing to production and release of pro-inflammatory cytokines
and installation of the subclinical or chronic inflammation observed in
obesity [34, 35]. Also, liver damage is one of the effects of HF diet intake,
evidenced by increase in transaminases level [31]. It is well documented
that obesity is a clinical state of chronic low-grade inflammation char-
acterized by the production of a wide variety of biochemical mediators,
including pro-inflammatory cytokines [36]. The increase in the release of
tumor necrosis factor alpha (TNF-α) and interleukin 1β (IL-1β) is directly
related to the physiological response observed in the inflammatory pro-
cesses [34, 37], as well as to the increase of adipose tissue characteristic
of obesity. The experimental model used in this study was not able to
produce all the effects associated with obesity, such as the increase in
pro-inflammatory cytokines serum levels (TNF-α and IL-1β) compared
Figure 8. Levels of thiobarbituric acid reactive sub-
stances (TBARS) in serum (A) and liver (B) of
Sprague-Dawley rats supplemented with R-(þ) and
(–)-α-terpineol. Results expressed as a mean � stan-
dard deviation. AIN group fed AIN-93G diet; HF –

AIN-93G diet modified to hyperlipidic content (35%
fat); R25, R50, and R100 (HF diet supplemented with
25, 50 or 100 mg/kg of R-(þ)-α-terpineol, respec-
tively); and S25, S50 and S100 (HF diet supplemented
with 25, 50 or 100 mg/kg of (–)-α-terpineol, respec-
tively). Different letters indicate the significant sta-
tistical difference (p < 0.05). One way ANOVA with
Tukey post-test (n ¼ 6 per group).



Figure 9. Glycemic curve during 120
min after intraperitoneal injection of
glucose solution (A), area under the
curve during GTT (B) and glucose
response (C) and glucose decay rate (D)
in insulin tolerance test. KITT calculated
from the glycemia collected in the in-
sulin tolerance test. Results expressed as
a mean � standard deviation. AIN group
fed AIN-93G diet; HF – AIN-93G diet
modified to hyperlipidic content (35%
fat); R25, R50, and R100 (HF diet sup-
plemented with 25, 50 or 100 mg/kg of
R-(þ)-α-terpineol, respectively); and
S25, S50 and S100 (HF diet supple-
mented with 25, 50 or 100 mg/kg of
(–)-α-terpineol, respectively). Different
letters indicate the significant statistical
difference (p < 0.05). One way ANOVA
with Tukey post-test (n ¼ 6 per group).
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with the lean control group (AIN). However, the effect was observed on
weight gain, accumulation of lipid droplets in hepatocytes, increase in
serum ALT level and lipid profile, as well as TBARS level (serum and
liver), and insulin sensitivity.

The different weight gains for animals fed a high-fat diet supple-
mented with α-terpineol (Figure 3) were correlated to the lower weekly
caloric intake among these groups (Figure 4), which, in turn, could be
associated with diet palatability as well as with a possible modulation of
appetite signaling in the regions of hypothalamus responsible for food
intake via the gut-brain axis [38, 39, 40]. However, this hypothesis could
not be confirmed with the data obtained in this experiment because
neither this molecular pathway nor the microbiota composition were
evaluated. The decreased weight gain was more pronounced in S groups,
and it was associated with a lower caloric intake, which resulted in lower
body weight over the experiment (Figure 4). The diets supplemented
with 50 and 100 mg/kg R-(þ)-α-terpineol led the animals to increase the
food intake, resulting in more weight gain compared with the other
treatments. Because this molecular pathway was not evaluated, the
weight gain observed in R-(þ)-α-terpineol group could be useful in some
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conditions, such as in possible prevention of cachexia. This is a condition
developed by patients with cancer and other chronic diseases, and it is
characterized by anorexia and loss of adipose tissue and muscle mass
[41]. Thus, cachexia significantly decreases the life quality of these pa-
tients, besides increasing mortality rates [42].

Another relevant data refer to the serum lipid profile. Despite the
alerting effect of S-(–)-α-terpineol intake on total and LDL cholesterol, the
diet supplementation with 50 and 100 mg/kg R-(þ)-α-terpineol did not
modify the levels of total and LDL-cholesterol. Imaizumi et al. [43] and
Choi et al. [44] demonstrated a similar hypercholesterolemic effect in
Wistar rats and C57BL/6mice fed with α-terpineol-supplemented diet.
However, in this study, steatosis was not observed in the animals, while
increased lipogenesis and lipid accumulation in hepatocytes were evi-
denced in mice receiving 500 mg α-terpineol/kg bw/day for two weeks
[44]. The mechanism involved in these responses is still unclear and
needs to be elucidated with more specific molecular studies.

The liver is composed by hepatocytes arranged in plaques and in the
structural unit, called hepatic lobe. The accumulation of fat inside the
hepatocytes is a natural mechanism used to store energy. However, in
Figure 10. Effect of α-terpineol enantiomers
intake on the level of pro-inflammatory cytokines
TNF-α (A) and IL-1β (B). Results expressed as a
mean � standard deviation. AIN group fed AIN-
93G diet; HF – AIN-93G diet modified to hyper-
lipidic content (35% fat); R25, R50, and R100
(HF diet supplemented with 25, 50 or 100 mg/kg
of R-(þ)-α-terpineol, respectively); and S25, S50
and S100 (HF diet supplemented with 25, 50 or
100 mg/kg of (–)-α-terpineol, respectively).
Different letters indicate the significant statistical
difference (p < 0.05). One way ANOVA with
Tukey post-test (n ¼ 6 per group).
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overload situations, fat accumulation contributes to the development of
hepatic dysfunction [45]. In general, liver parameters for rats fed a
high-fat diet were also better when α-terpineol supplementation
occurred, indicating that this monoterpenoid could have some role in
protecting the hepatic tissue. Bioactive compounds are known do exert
direct and indirect effects on obesity and inflammation [46]. In this
particular case, terpenes could also have worked on the decrease in
inflammation biomarkers. Lower lipid droplet accumulation reestab-
lished normal hepatocyte morphology, and a decrease in ALT and TBARS
levels were noticed in the treated groups. The results on TBARS, specif-
ically, are in agreement with previous studies that show the in vitro
antioxidant action of α-terpineol in different assays [16, 17]. In this
study, we showed that this antioxidant activity was also valid for in vivo
systems.

In terms of insulin resistance, we evidenced that 50 mg of α-terpineol
per kg of diet, or more, would restore the “normal” (AIN group) values of
KITT, counteracting the effect of the high-fat diet. This result could be
related to the decrease in fatty acid deposits and lipotoxicity (data not
shown) and the reduction of proinflammatory cytokines (Figure 10) in
the groups treated with α-terpineol, variables that contribute to the
disruption of insulin signaling, causing insulin resistance in muscle, liver
and adipose tissue [47].

The cytokine TNF-α is related to acute and chronic inflammatory
responses and contributes to the development of a variety of chronic
inflammatory diseases, such as type 2 diabetes. This molecule is pro-
duced by various cell types, especially macrophages present in the adi-
pose tissue characteristic in obesity. The cytokine IL-1β is also a potent
proinflammatory cytokine, and it is involved in a variety of cellular ac-
tivities, including cell proliferation, differentiation, and apoptosis, in
addition to promoting the progression of a series of autoimmune diseases
[16, 48, 49]. The consumption of a high-fat diet has been associated with
systematic low-grade inflammation due to modulation of the microbiota
and increased translocation of LPS through the intestinal mucosa [50].
The ingestion of certain levels of α-terpineol also seemed to counteract
some variables changed by the intake of a high-fat diet, such as ALT
secretion, the levels of TBARS levels, pro-inflammatory cytokines (TNF-α
and IL-1β), and the development of insulin resistance. Although there
was no difference between the lean (AIN) and fat (HF) groups regarding
the levels of TNF-alpha and IL-B, α-terpineol intake decreased the level of
these two pro-inflammatory cytokines, suggesting that the presence of
these compounds in the diet could contribute to decreasing the inflam-
matory status in the body, counteracting inflammation processes. In fact,
there is some evidence in the literature that α-terpineol has
anti-inflammatory activity in vitro [51, 52] and this study suggests that
this activity can be also evidenced in vivo. Our results showed that the
effect of α-terpineol on the levels of TNF-α varied according to the special
configuration of this molecule: the intake of a diet supplemented with
(–)-α-terpineol (S groups) resulted in a more pronounced effect on the
levels of TNF-α than the diet supplemented with R-(þ)-α-terpineol (R
groups). This particularity requires more molecular studies to elucidate
how each different enantiomer could modulate this pathway. We hy-
pothesize that this modulation may be related to the inhibition of the
NF-kB cell signaling pathway, which controls the transcription of genes
for most inflammatory cytokines [53, 54]. These results are important
and quite promising because they reinforce previous studies indicating
that not only α-terpineol but also other terpene compounds [55, 56, 57]
could act in the inhibition of pro-inflammatory cytokines. This property
is particularly important for studies on obesity, since it is well docu-
mented that this condition results in a low-grade inflammation [36].

In general, the effects of α-terpineol were apparently independent of
the spatial configuration of its molecule. No significant differences were
found for the effects of R-(þ)- and (–)-α-terpineol on ALT, TBARS, GTT,
KITT (at 50ppm and 100ppm) and TNF-α levels. However, significant
differences were evidenced for body weight gain, IL-1β level, total
cholesterol and LDL-cholesterol. These differences in the enantiomers
responses need to be better elucidated at a molecular level and in
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different experimental models. In fact, the differences in biological ac-
tivities among enantiomers have been widely reported in the literature.
In terms of monoterpenes, the R-(–) and S-(þ)- enantiomers of carvone,
for example, have presented different biological effect in vivo (see a brief
discussion in Souza et al. [58]). In case of α-terpineol, as far as we know,
the only difference so far reported for the biological activities between its
enantiomers is related to aroma character: while R-(þ)-α-terpineol has a
lilac odor, the S-(–)- isomer has coniferous odor character [59]. In this
sense, the biotechnological production of α-terpineol becomes an
attractive strategy, particularly for biomedical applications of this com-
pound, where enantiomeric purity is a relevant parameter. Thus,
although not as good as described earlier [13], the ee of the products
obtained in this study (94.2% for R form in R-(þ)-α-terpineol and 31.5%
for the S form in (–)-α-terpineol) are much better than the values found
for commercial α-terpineol standards. Alpha-terpineol from Aldrich
(90%, technical grade, CAS 98-55-5, Cat. number 432628), α-terpineol
from SAFC (�96%, CAS 10482-56-1, Cat. number W304506) and
α-terpineol from BTC (96%, CAS 98-55-5, Cat. number #144440), for
instance, have an ee for the S-(–)- isomer of 16%, 8.9% and 18.5%,
respectively, while the ee for Fluka's (þ)-α-terpineol (�97%, CAS
7785-53-7, Cat. number 83073) is only 30% for R-(þ)-α-terpineol (data
not shown). In nature, reasonably high ee (78%) was found in litchis
flavor for S-(–)-α-terpineol, while 37.2% ee for R-(þ)-enantiomer was
detected in mango flavor and a racemic mixture was found in yellow
passion fruit.

In conclusion, this study showed preliminary data about the effects of
α-terpineol enantiomers in a high-fat diet model, as well as its potenti-
ality to treat different health conditions. Thus, we recommend more
studies to elucidate the molecular basis of the observed effects (especially
on inflammation) as well as the response of these compounds in long
term studies.
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