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Serum proteomic analysis reveals the differential dose effects of crocodile oil
from Crocodylus siamensis on energy metabolism in rats
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Abstract

Background: Dietary fat composition is a potential major factor affecting energy metabolism. Crocodile oil (CO) is
rich in mono- and poly-unsaturated fatty acids exhibiting anti-inflammatory and healing properties.

Aim: This study investigated different levels of CO consumption on alterations and expression of proteins involved in
energy metabolism in rats.

Methods: Twenty-one male Sprague-Dawley rats were divided into three groups and administered sterile water (N)
or different doses of CO [1% or 3% (v/w) CO] orally once daily for 8 weeks. Body weight gain, food intake, energy
intake, blood lipid profiles, and serum energy-related metabolites were determined. The serum proteome was analyzed
using shotgun proteomics, and the functions of several candidate proteins were classified using PANTHER software.
Results: There were no significant differences in body weight or energy intake were observed between groups.
However, both CO-treated groups showed significantly decreased serum triglyceride (TG) levels (p < 0.05). Moreover,
post-treatment serum TG levels in the 1%CO group were significantly lower than pre-treatment compared with other
groups. The serum oxaloacetate level was also significantly higher in both CO groups than in the N group. The proteomic
analysis classified 4,525 serum proteins and revealed more unique proteins involved in cellular metabolic activity in
both CO-treated groups than in the N group. Self-organizing tree algorithm clustering of 295 shared differentially
expressed proteins in both CO-treatment groups showed that upregulated hyper-expressed protein clusters in both CO
groups were associated with catalytic activity and molecular activity on the same levels.

Conclusion: CO simultaneously enhances energy metabolism and improves lipid profiles.

Keywords: Crocodile oil, Energy metabolism, Serum, Proteomics, Rat.

Introduction and consumption duration (Siddiq et al., 2019). Other

Dietary nutrition is an important factor that affects
metabolic markers associated with energy metabolism
(Binia et al., 2017). Oils and fats are important
dietary nutrients that serve as dense sources of energy.
However, high-fat consumption can lead to obesity,
increased inflammatory markers, and insulin resistance
(Herieka and Erridge, 2014; Hernandez et al., 2017;
Laguna-Camacho, 2017). In addition, high-fat diets
rich in saturated fatty acids (SFAs) are associated
with reduced expression of energy-related enzymes
associated with the tricarboxylic acid (TCA) cycle
(e.g., citrate synthase) and the mitochondrial electron
transport chain (i.e., complexes I and II) (Echeverria
et al., 2019). The protective effects of dietary oils are
determined by fatty acid composition, daily intake,

studies have reported that consumption of unsaturated
fatty acids, including mono-unsaturated fatty acids
(MUFASs) or poly-unsaturated fatty acids (PUFAs),
as dietary fat supplements may promote glucose
and lipid metabolism, metabolic inflammation, and
hepatic metabolism (Silva Figueiredo et al., 2017).
MUFAs help prevent the development of metabolic
syndrome by modulating blood lipids, insulin
sensitivity, oxidation, and metabolism (Gillingham e?
al., 2011). Likewise, another previous study revealed
that increased consumption of PUFAs can alter the
expression of genes in metabolic pathways associated
with increased fat oxidation and energy expenditure
(Howe and Buckley, 2014). Thus, consumption of
dietary oils containing different proportions and types
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of fats can help regulate energy metabolism and may
prevent many chronic diseases.

Crocodylus siamensis, commonly known as the

Siamese crocodile, is a freshwater crocodile native
to Southeast Asia, including Thailand. Crocodile oil
(CO), which is extracted from the abdominal fat of C.
siamensis, is naturally richer in MUFAs (oleic acid)
and PUFAs (linoleic acid) (Gunstone and Russell,
1954) compared with oils of other animals. A previous
study reported that CO exhibits both antimicrobial
and anti-inflammatory activities (Buthelezi et al.,
2012). However, the effect of consumption of CO
on metabolism remains unclear. Nevertheless, some
studies have examined the regulatory effects of
bioactive compounds isolated from Siamese crocodiles,
they revealed that several bioactive compounds from
hemoglobin hydrolysate, crude leukocyte extract,
and plasma of C. siamensis have demonstrated
beneficial effects against diseases associated with
inflammation and oxidative stress (Phosri et al., 2014;
Lueangsakulthai ef al., 2018). With regard to the fatty
acid composition of CO, gene expression profiling and
pathway analyses found that oils rich in PUFAs (e.g.,
krill oil) regulate a diverse array of genes associated
with hepatic energy metabolism, including glucose
metabolism and mitochondrial respiration (Burri et
al., 2011). Thus, the fatty acid composition of CO may
exhibit similar effects in regulating energy metabolism
and preventing disease due to its essential bioactive
components.
The present study investigated the effect of CO
consumption on health status and the expression of
proteins related to energy metabolism in a rat model.
The mechanism underlying the effects and molecular
physiology of dietary CO were examined using a
quantitative proteomic mass spectrometry approach.
Changes in the serum proteome response to different
doses of CO were evaluated to elucidate the mechanisms
by which CO regulates energy metabolism, thereby
providing new insights into the health effect of CO.

Materials and Methods

CO preparation

CO was extracted from abdominal fats of slaughtered 3-
to 5-year-old C. siamensis according to Santativongchai
et al. (2020) at the time the meat was trimmed out and
prepared. Crocodilian fat samples were obtained from
a crocodile farm as by-products in Nakhon Pathom
Province, Thailand. The samples were pressed through
two layers of filter cloth with distilled water at a
proportion of 1:1 (w/v). Subsequently, the resulting
filtered solution was left undisturbed until the mixture
separated well. The upper clear oil fraction was then
collected, evaporated, and stored in a sealed container
at room temperature.

Animals and experimental design

Twenty-one male Sprague-Dawley rats (7 weeks old)
were obtained from Nomura Siam International Co.

Ltd. (Samutprakan Province, Thailand). The animals
were individually housed in metabolic cages at 25 +
2°C on a 12-h light/12-h dark cycle with ad libitum
access to standard chow and drinking water. Rats were
randomly assigned to three groups (n = 7/group): Group
1: rats received sterile water (N), Group 2: rats received
1% (v/iw) CO (1%CO), and Group 3: rats received
3% (v/iw) CO (3%CO). Water, 1%CO, or 3%CO was
administered orally once daily (11.00-12.00 AM) for
8 weeks.

Measurement of food intake, energy intake, and body
weight

Food intake was measured daily by weighing the
leftover chow between 11.00 and 11.30 AM. and energy
intake was then calculated from the daily food intake
determination. Body weight was measured weekly
throughout the experiment.

Sample collection and determination of energy
metabolism—related intermediates

Before the first session of the experiment, blood
samples were collected to determine the pre-treatment
blood lipid profile. After 8 weeks of the experiment, all
animals were euthanized with 60 mg/ml pentobarbital
sodium. Blood samples were collected and centrifuged
at 2,200 g for 15 minutes at 4°C, and then the serum was
stored at —20°C until further analysis. The serum lipid
profile parameters examined included triglycerides,
cholesterol, high-density lipoprotein (HDL), and low-
density lipoprotein (LDL) and were determined using a
Hitachi 7080 analyzer (Hitachi, Tokyo, Japan).

In the case of metabolomic analysis for the
determination of energy-related intermediates, serum
was centrifuged at 2,000 g for 20 minutes at 4°C. The
resulting supernatants were stored at —80°C until further
analysis. High-performance liquid chromatography
(HPLC) was used to determine the energy-related
intermediates according to Lillefosse et al. (2014). The
frozen supernatants (after 20-fold dilution) were mixed
with methanol at a ratio of 1:4 (v/v) and centrifuged
at 20,000 g for 20 minutes at 4°C, after which the
supernatants were removed and evaporated using a
freeze dryer at —80°C. The intermediate-containing
residues were then redissolved in 500 pl of HPLC
buffer and 5-pl samples were then analyzed via HPLC.
Chromatography was performed with an injection
volume of 5 pl and a column temperature at 40°C. A
5-um InertSustain C18 column (150 x 4.6 mm) was
used to separate a number of individual compounds
(mobile phase consisting of 8% 1 N sulfuric acid).
Gradient elution was carried out at a flow rate of 1 ml/
minute.

Serum protein quantitation and identification by liquid
chromatography—mass spectrometry (LC-MS)

LC-MS was used to analyze serum proteins. Serum
supernatants (after 20-fold dilution) were mixed with
acetone at a 2:1 (v/v) ratio and centrifuged at 10,000
g for 10 minutes. The resulting pellets were suspended
in lysis buffer [0.25% (w/v) sodium dodecyl sulfate,
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50 mM Tris-HCI, pH 9.0], and then the protein
concentration was measured via Lowry ef al.’s method
(1951) using bovine serum albumin as the protein
concentration standard. All pooled protein samples
were prepared by mixing equal amounts of protein
from individual serum protein samples.

To reduce disulfide bonds, protein samples (5 pg) were
reduced using 5 mM dithiothreitol in 10 mM ammonium
bicarbonate at 60°C for 1 hour. Sulthydryl groups were
alkylated by incubation in 15 mM iodoacetamide in 10
mM ammonium bicarbonate for 45 minutes in the dark
at room temperature. Subsequently, the protein samples
were mixed with sequencing-grade trypsin (Promega,
Mannheim, Germany) at a ratio of 1:20 and incubated
at 37°C overnight. The resulting tryptic peptides were
dried and protonated using 0.1% formic acid and then
injected into an Ultimate 3000 Nano/Capillary LC
system (Dionex Ltd., UK) coupled to an HCTUltra
mass spectrometer (Bruker Daltonics, Billerica, MA),
and peptides were analyzed by electrospray ionization
ata flow rate of 300 nl/minute using a 100-mm PepSwift
monolithic nanocolumn with 50-mm internal diameter.
Mobile phase solvent A consisted of 0.1% formic acid,
and solvent B consisted of 80% acetonitrile and 0.1%
formic acid. Peptides were eluted using a linear gradient
of 4%-70% solvent B over the period 0-20 minutes
(the time point of retention), followed by 90% solvent
B from 20 to 25 minutes to remove all peptides retained
on the column. A final elution was performed using
10% solvent B from 25 to 40 minutes to remove any
remaining salts. Mass spectra of the peptide fragments
were acquired in data-dependent AutoMS (2) mode
over the scanning range 300—1,500 m/z. Three averages
were taken, and up to five precursor ions were selected
over the MS scan range 50—3,000 m/z.

DeCyder MS Differential ~ Analysis  software
(DeCyderMS, GE Healthcare) was used to quantify the
proteins in individual samples, and the Mascot search
engine was used to correlate the MS/MS spectra to
the Macaca protein database maintained by UniProt
(Johansson et al., 2006; Thorsell et al., 2007). Mascot’s
standard settings were used, which included a maximum
of three missed cleavages, a peptide tolerance of 1.2 Da,
an MS/MS tolerance of 0.6 Da, trypsin as the digesting
enzyme, cysteine carbamidomethylation as the fixed
modification, methionine oxidation as the variable

modification, and peptide charge states. Protein levels
in each sample were expressed as log2 values.

Data analysis and statistical methods

Venn diagrams were used to count and compare the
lists of proteins in each group (Bardou et al., 2014).
Jvenn software was used to visualize protein expression
data as Venn diagrams and provide statistical charts to
assess the homogeneity of the list size and compare the
compactness of multiple Venn diagrams. Candidate
proteins were classified according to function, which
related the protein molecular junctions and biological
processes at the organism level, using the Protein
Analysis Through Evolutionary Relationships (or
PANTHER) classification system (available at: http://
www.pantherdb.org) (Mi et al., 2017). Multiexperiment
Viewer, version 4.9 was used to generate protein
expression heatmaps and for hierarchical and Self-
organizing tree algorithm (SOTA) clustering analyses.

Data are expressed as the mean + SEM. Statistical
analyses were performed via one-way analysis of
variance, followed by Tukey’s post hoc test using the
R project statistical computing package (R Core Team,
2019). p < 0.05 was considered statistically significant.
Ethical approval

The study was conducted according to the Guidelines
for the Care and Use of Laboratory Animals. The
ethics committee of Kasetsart University Research and
Development Institute, Kasetsart University, Thailand,
approved this study (approval no. ACKU61-VET-088).

Results

Effect of different CO doses on initial body weight,
final body weight, body weight gain, food intake,
energy intake, and lipid profiles

There were no differences among treatment groups in
terms of Initial body weight, final body weight, body
weight gain, or energy intake. However, both the 1%CO
and 3%CO treatments resulted in a significant decrease
in food intake over the 8-weeks study (Table 1).

As shown in Figure 1, there were no differences in
cholesterol, HDL, and LDL levels between the three
groups at the end of treatment. In contrast, serum
triglyceride levels were lower in both CO-treated
groups than in the N group. We compared the effect of
different doses of CO on pre- and post-treatment lipid
profiles among three groups. Our results showed that

Table 1. Effect of different doses of dietary crocodile oil on final body weight, body weight gain, average food intake, and

average energy intake of rats over an 8-week period.

Group II:ViZiiaglhlt)((;(;y Final body weight (g) Body weight gain(g) Food intake (g/day) Elziiii’/g:;)ke
N 248.86 £+ 4.65 568.51 +20.26 318.83 +21.49 20.19 +0.88 61.36 +£2.67

1%CO 252.71 £5.43 576.43 £ 11.67 323.71 £ 10.57 17.17 £ 0.50% 56.20 + 1.51

3%CO 247.5 +8.99 576.83 +31.04 329.33 £23.94 16.25 +0.39* 61.39+1.19

Data are expressed as the mean+SEM. *Statistically significant intergroup difference (p < 0.05).
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Fig. 1. Effect of different doses of dietary crocodile oil on serum (pre- and post-treatment) (A) cholesterol, (B) triglycerides,
(C) LDL, and (D) HDL levels of rats over an 8-week period. Data are expressed as the mean+SEM. *Statistically significant

intergroup differences (p < 0.05).

serum triglyceride levels were increased in the N group
after 8 weeks of treatment. However, 1%CO treatment
resulted in a significant decline in serum triglyceride
post-treatment when compared with pre-treatment,
and a trend lower post-treatment triglyceride level was
observed in the 3%CO group.

Effect of different CO doses on serum energy-related
metabolic intermediates

There were no differences among the three groups
in serum levels of lactate, pyruvate, citrate, alpha-
ketoglutarate, or malate (Fig. 2). However, the 1%CO-
and 3%CO-treated groups exhibited significantly
increased serum oxaloacetate levels when compared
with the N group. Interestingly, in the 3%CO group,
serum lactate exhibited a trend toward lower levels
when compared with the N group.

Effect of different CO doses on serum protein expression
All 4,525 serum proteins identified are shown by a
Venn diagram in Figure 3A. The diagram shows the
number of differentially expressed proteins among
each of the three groups. A total of 1,112 proteins were
expressed only in the N group, whereas 1,328 proteins
were expressed only in the 1%CO-treated group, and
788 proteins were expressed only in the 3%CO-treated
group.

We focused on the effect of different doses of CO
on changes in the expression of serum biomarkers

associated with metabolic activity and catalytic
processes. The 1,112 unique proteins in the N group,
1,328 unique proteins in the 1%CO group, and 788
unique proteins in the 3%CO group were categorized
based onmolecular function and biological process using
PANTHER software (Fig. 3B and C). The PANTHER
analysis revealed that when the differentially expressed
proteins were grouped by molecular junction, a similar
proportion of proteins associated with catalytic activity
was observed in both CO-treated groups (35.4% vs.
34.1%, respectively), and this proportion was larger
than that of the N group (30.4%). Analysis based on
biological process indicated that compared with the N
group, a greater proportion of unique proteins from both
the 1%CO- and 3%CO-treated groups was primarily
associated with cellular and metabolic processes.

To obtain a better understanding of the impact of CO
dose on the metabolic mechanisms regulating serum
protein expression, 295 proteins shared between the
1%CO- and 3%CO-treatment groups were analyzed
using a heatmap and SOTA clustering, as shown in
Figures 4—6. The SOTA analysis yielded 11 expression
clusters exhibiting opposing expression pattern
trend. The most abundant protein clusters from the
3%CO group when compared with the 1%CO group
were clusters 10 and 11 (C10 and C11); proteins in
both clusters were up-regulated in the 3%CO group
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Fig. 2. Effect of different concentrations of dietary crocodile oil on serum energy metabolism-related
metabolite levels: (A) lactate, (B) pyruvate, (C) alpha-ketoglutarate, (D) citrate, (E) oxaloacetate, and
(F) malate [In (F), RO group should be revised into N group in the (F) (see the revised figure 2]. Data
are expressed as the mean+SEM. *Statistically significant intergroup difference (p < 0.05).

(Fig. 6A and B). CIl contained proteins primarily
involved in binding (38.6%) and catalytic activity
(31.4%) of molecular junctions, and these proteins
were then further categorized according to biological
process, which were classified as cellular process
(29.3%) and metabolic process (17.3%). C10 included
proteins involved in binding (47.3%), molecular
function regulation (13%), and catalytic activity (13%)
based on molecular function and cellular processes
(31.7%), biological regulation (15.9%), and metabolic
processes (12.7%) based on biological processes.
However, other high abundance groups were clusters 3
and 4 (C3 and C4). As shown in Figure 5A and B, C3,
and C4 consisted of proteins more highly upregulated

in the 1%CO-treated group than the 3%CO-treated
group. Most proteins isolated in C4 were involved
in catalytic activity (42.9%) and binding (33.9%) in
molecular function and cellular processes (29.9%) and
metabolic processes (18.2%) in relation to biological
processes. C3 consisted mostly of proteins involved in
catalytic activity (42.1%), binding (36.8%) in molecular
function, and cellular processes (29.2%), and metabolic
processes (22.9%) in biological processes.

Our proteomic molecular function classification results
suggest that more of the proteins upregulated in the
3%CO-treated group were associated with binding
activity when compared with the 1%CO-treated group.
In comparison with the 3%CO-treated group, a higher
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Fig. 3. (A) Venn diagram of proteins differentially expressed in the Normal control group (N), normal rats treated with 1% (v/w)
CO (1%CO0), or normal rats treated with 3% (v/w) (3%CO). (B) Unique protein classification of the N group. (C) Unique protein
classification of the 1%CO group. (D) Unique protein classification of the 3%CO group. Candidate proteins were classified
according to molecular function and biological process using the PANTHER system.

percentage of upregulated proteins in 1%CO treated
group were associated with catalytic activity. Most
upregulated proteins in both CO-treated groups were
associated with cellular and metabolic processes.

Discussion

This is the first study to reveal the effects of different
concentrations of CO on energy metabolism in rats.
We demonstrated that administration of CO at two
different doses (1%CO or 3%CO) significantly
reduced food intake and serum triglyceride levels by
the end of the experiment. Our results have indicated
that both dosages of CO increased in the serum level
of the energy-related intermediate oxaloacetic acid,
but there was no difference between the CO groups.
In the current study, we used a label-free quantitative
shotgun proteomic approach to investigate the impact
of different doses of CO on energy metabolic activity

in the serum. The proteome of whole serum is affected
by a variety of physiological processes. Our proteomic
results showed that CO supplements might enhances
energy metabolic activity, although there was no dose-
dependent effect on metabolic changes in the serum.

The primary finding of our study is that CO
administration (1%CO or 3%CO) did not affect
final body weight, body weight gain, or the energy
content of food consumed. Normally, in a positive
energy balance, energy intake is greater than energy
expenditure, which contributes to overweight and
obesity. Many previous studies have reported that high
amounts of oils/fats in the diet lead to the development
of overweight and obesity in rodents (Lauterio et al.,
1994; Levin et al., 1997). Dietary oil/fat consumption
is the main contributor to positive energy balance
status and metabolic changes that may adversely affect
long-term energy homeostasis. Considerable research
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Fig. 4. Hierarchical clustering and heat maps of
the 295 shared differentially expressed proteins
of the 1%CO and 3%CO groups.

indicates that an increased proportion of oils/fats in
the diet results in increased hunger and energy intake
and decreased sensation of fullness (Tremblay et al.,
1991; Clegg et al., 2011). Another previous study
found that consumption of oleic acid containing foods
leads to increase sensation of fullness and a significant
decrease in hunger (Naughton et al., 2018). Alfenas and
Mattes (2003) also revealed that consumption of meals
containing fat sources rich in oleic acid (canola oil and
peanut oil) results in greater sense of fullness and lower
hunger ratings 30, 60, and 120 minutes after feeding.
A metabolic study indicated that a diet high in PUFAs
is more metabolically beneficial compared with a diet
high in SFAs in terms of energy expenditure and body
weight maintenance (Krishnan and Cooper, 2014). In
the present study, CO administration did not lead to
a high level of body weight gain and energy intake,
even though we provided both low-dose and high-dose
CO supplementation. Our results suggest that a high
levels of CO consumption (3%CO) are not associated
with changes in body weight and energy balance when
compared with lower levels of CO. Likewise, CO, an
oil rich in MUFAs and PUFAs, decreased food intake
at both doses. This finding indicates that MUFAs (e.g.,
oleic acid) and PUFAs (e.g., linoleic acid) in CO are
important contributors to lowering food intake and
help maintains body weight and energy balance by
regulating the levels of satiety and hunger.

Generally, lipid profile changes are associated with
dietary oil patterns in the serum, especially with high-
fat products. Our current results indicate that after 8
weeks of CO consumption, both low and high doses
of CO decreased the serum triglyceride level when
compared with the control group. Moreover, comparing
pre- and post-treatment, 1%CO-treatment resulted
in a significant decline in serum triglyceride levels,
and a trend toward lower port-treatment triglyceride
levels was observed in the 3%CO group. CO also
maintained the serum HDL level in the post-treatment
period, whereas the normal diet resulted in a lower
HDL level. Even though CO contains high amounts
of SFAs, CO has high levels of oleic acid and linoleic
acid as a good combination mixture of MUFAs and
PUFAs, respectively. Rice bran oil, which is rich in
MUFAs and PUFAs (Orsavova et al., 2015), has been
shown to improve blood lipid profiles (Lichtenstein
et al., 1994; Shakib et al., 2014; Bumrungpert et al.,
2019). Further studies also reported that canola oil,
which is rich in MUFAs and PUFAs, decreases serum
triglyceride levels when compared with diets high in
dairy products (high amounts of SFAs) (Iggman et
al., 2011). In this regard, others studies have proposed
that unsaturated fat sources (MUFAs and PUFAs)
reduce serum triglyceride levels by enhancing insulin
function, regulating lipoprotein lipase activity, and
repressing lipogenic enzymes (Nigam et al., 2014;
Salar et al., 2016). Our data suggest that CO exerts
beneficial effects on serum triglycerides and that CO
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Fig. 5. Expression patterns of the selected upregulated 1%CO-protein cluster 3 (C3) (A) and cluster 4 (C4) (B) corresponding to
SOTA clustering. Candidate proteins in each cluster were classified according to molecular function and biological process using

the PANTHER system.

also helps maintain HDL levels when consumed longer
than 8 weeks.

In our study, an increase in serum oxaloacetate, the
key energy metabolic intermediate in the TCA cycle,
was detected in both CO administration groups when
compared with normal control rats. Nevertheless, the
oxaloacetate level was not affected by the degree of
CO consumption in our study. Oxaloacetate plays
important roles in the oxidation of carbohydrates and
fats involved in the progression of metabolic syndrome.
However, the mechanisms by which CO or dietary
oils enriched in MUFAs and PUFAs affect energy
metabolic pathways are complex and still incompletely
understood. Gillingham et al. (2011) found that dietary
MUPFAs decrease the risk of metabolic syndrome by
favorably altering blood lipids and insulin sensitivity.
Jones et al. (2008) compared the effects of three fatty
acids (oleic acid, linoleic acid, and linolenic acid) on
postprandial energy expenditure and macronutrient
oxidation in healthy men and revealed that olive oils
rich in oleic acid (MUFA) may offer increased oxidation
compared with linoleic acid (PUFA). Kien and Bunn
(2008) demonstrated that consumption of a high-MUFA
diet increases the fatty acid oxidation rate in women

compared with a control diet, and they also reported
that high-MUFA diets increase daily energy expenditure
compared to a diet high in SFAs. Moreover, Jones and
Schoeller (1988) indicated that high-PUFA diets tend
to increase total fatty acid oxidation to a greater degree
than high-SFA diets. Interestingly, CO exhibited a trend
toward decreased serum lactate levels with increasing
CO concentration. The serum lactate level is a valuable
criterion for monitoring critically stressed patients.
Increased lactate levels are associated with increased
morbidity and mortality rates (Shapiro et al., 2005).
Medical research examining the association between
diabetes and elevated lactate concentrations reported
serious changes in glucose metabolism, including
diminished glycogen synthesis and decreased glucose
oxidative metabolism (Wu et al., 2016). Further studies
investigating the potential effects of omega-3 PUFAs
as modulators of targets of aerobic glycolysis reported
that n-3 PUFAs decrease the expression of lactate
dehydrogenase, which can subsequently lead to reduced
lactate levels (Manzi et al., 2015). Thus, CO improves
whole-body energy metabolism by increasing level of
key metabolites of TCA cycle and regulating energy-
related metabolite production, which lowers serum
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to SOTA clustering. Candidate proteins in each cluster were classified according to molecular function and biological process using

the PANTHER system.

levels of potentially toxic lactate. Our data indicate that
the major component of CO plays a key role in energy
expenditure, which translates into increased energy-
related metabolite production.

Serum proteome analyses showed that different doses
of CO, which is enriched in MUFAs and PUFAs, affects
the expression of proteins responsible for energy-related
metabolic activity. In physiology, energy metabolism
generally refers to synthesis of ATP as a molecular
catalyst. The CO-dose dependent expression of various
unique proteins in this study compared with the control
group suggests that dietary CO upregulates cellular and
metabolic processes. Zheng et al. (2008) investigated
that MUFAs intake activates pathways responsible
for rapid catabolism of triglyceride-rich lipoproteins.
Using indirect calorimetry, Paniagua et al. (2007) found
that consuming a diet rich in MUFAs lead to a higher
rate of fat oxidation compared with consumption of
carbohydrate- and SFA-rich diets. Further research
reported that dietary PUFAs activate the expression of
peroxisome proliferator-activated receptor-o. (PPAR-a)
and PPAR-y (target key metabolic genes), resulting in
increased lipid oxidation and leading to a reduction
in serum triglycerides (Rodriguez-Cruz et al., 2005).

Activation of PPAR-a reduces triglyceride levels and
is involved in the regulation of energy homeostasis
(Tyagi et al., 2011). Similarly, Moradi et al. (2021)
discovered that omega-3 PUFA supplementation leads
to upregulation of PPAR-y and uncoupling protein 2
(UCP2) expression as indicators of energy metabolism
in healthy athletes. We concluded that in rats, dietary
CO upregulates the expression of proteins involved in
energy metabolism, thereby affecting energy-related
metabolite production and improving the lipid profile.
Moreover, hierarchical and SOTA clustering of the 295
shared differentially expressed proteins in the low- and
high-dose CO groups revealed 11 clusters based on
expressed protein levels. PANTHER analyses indicated
that the upregulated proteins in the clusters of the
1%CO-treated group (C3 and C4) and 3%CO-treated
group (C10 and C11) could be categorized according
to primary molecular and biological functions. It is
not surprising that cellular and metabolic processes
represented the predominant biological junction in
both groups, whereas more proteins in the upregulated
cluster of the 1%CO group were linked to catalytic
activity compared with the upregulated cluster of the
3%CO group. However, the difference in expression of
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catalytic activity-related proteins between groups did
not affect other energy metabolism parameters in the
current study. The upregulation of catalytic activity and
related metabolic pathways could affect processes that
are involved in controlling cellular energy metabolism.
Pahlavani et al. (2020) investigated the effects of
consumption of 9, 18, and 36 g/kg of omega-3 PUFA
enriched fish oil for 14 weeks on energy metabolism
using indirect calorimetry measurements. In agreement
with our results, they found that total energy expenditure
at all omega-3 PUFA doses was significantly increased
when compared with high-fat diet group. The same
study found no difference in the level of energy use
among the three study groups. Moreover, a proteomic
and PANTHER analysis of the therapeutic effects of a
diet rich in omega-3 PUFAs on the retina of aged mice
in eyecups revealed that the majority of differentially
expressed proteins were functionally associated with
catalytic activity (including isomerases, ligases,
acetyltransferases, and decarboxylases) (Prokopiou et
al., 2019). In our experiments, CO consumption did
not show a dose-response effect on the expression of
proteins involved in energy metabolism (catabolic and
total metabolic processes). However, our study had
some limitations, including the examination of only
two doses of CO. As such, it is possible that higher
doses of CO could have a greater impact on metabolism
via the regulation of serum protein expression.

This study provides evidence regarding the potential
dose-dependent effects of dietary CO on energy
metabolism in rats. The present study demonstrated
that rats supplemented with CO at two doses (1%CO
or 3%CO) maintained bodyweight and energy intake
and exhibited beneficial lipid profile changes in serum
triglycerides and HDL and increased energy-related
metabolite production (oxaloacetate of the TCA
cycle). Moreover, serum proteomic analysis revealed
unique proteins and shared differentially proteins in
the upregulated clusters in both CO treatment groups.
These proteins are involved in energy metabolism
processes, including catalytic activity and cellular
metabolic processes. However, no dose-dependent
effect on metabolism was observed at the two CO
supplementation doses examined in this study. Further
studies to provide a better understanding of the dose-
response relationship of dietary CO are thus needed.
Finally, our findings suggest that CO is a suitable
alternative fat source that simultaneously enhances
energy metabolism and provides a healthier profile.
CO may be a good natural and inexpensive dietary fat
source.
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