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Abstract
Background: Fatty acid (FA) consumption can alter hepatic energy metabolism and liver mitochondrial
functions. Crocodile oil (CO) is rich in both mono- and polyunsaturated fatty acids that contain natural
anti-in�ammatory and healing properties. We investigated the effect of CO on energy metabolism and
mitochondrial morphology in rat liver.

Methods: Twenty-one male Sprague–Dawley rats were randomly divided into three groups. Group 1: rats
treated with sterile water (RO); group 2: rats treated with CO (3% v/w); and group 3: rats treated with palm
oil (PO) (3 % v/w). Rats were orally administered sterile water, CO, and PO once daily for 7 weeks. Body
weight, food intake, liver weight, energy intake, blood lipid pro�les, and liver-targeted metabolites were
evaluated. Histopathological study of the liver, mitochondrial architecture of liver cell, and HDHD3 protein
expression in liver mitochondria were determined.

Results: CO treatment had no effect on body weight, liver weight, liver index, dietary energy intake, and
serum lipid pro�les. The CO group exhibited signi�cantly lower food intake than the RO group. The CO
group also showed signi�cantly higher oxaloacetate and malate levels, which encourage the TCA cycle
imbalance, than the PO group. CO treatment signi�cantly ameliorated hepatic steatosis as shown by a
greater decrease of total surface area of lipid particles than that seen with PO treatment. CO
administration maintained the liver’s mitochondrial morphology by upregulating the energetic
maintenance protein—HDHD3. Moreover, the chemical-protein interaction also showed that the main fatty
acid composition of CO preserved liver metabolism via the AMPK signaling pathway.

Conclusion: Crocodile oil could support hepatic function through promoting the TCA cycle, maintaining
hepatic mitochondrial architecture, and upregulating HDHD3.

Introduction
The liver plays a major role in homeostasis in the human body and is considered as a metabolic
biotransformation hub. The liver is responsible for multiple functions and physiological processes such
as bile production, energy generation, and the metabolism of carbohydrates, proteins, and lipids [1].
Mitochondrial dysfunction is a general term, which includes alteration of different metabolic pathways
and damage to mitochondrial components. In addition, these mitochondrial disturbances can have a
variety of harmful consequences such as oxidative stress, energy de�ciency, accumulation of
triglycerides (steatosis), and cell death [2]. Liver steatosis results from increased adipose lipolysis that
subsequently increases hepatic de novo lipogenesis (DNL), impaired synthesis and/or secretion of very
low-density cholesterol, triacylglycerol (TAG) esteri�cation dysfunction, or impaired mitochondrial β-
oxidation [3]. Mitochondria are unique organelles that play a vital role in cells by metabolizing nutrients
and are responsible energy metabolism, generation of free radicals and calcium homeostasis, cell
survival, and cell death [4]. Hepatic mitochondria support many metabolic activities and contribute to the
pathophysiology of insulin resistance and diabetes [5–6]. The main function of the mitochondria is to
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synthesize ATP via oxidative phosphorylation (OXPHOS) in accordance with the oxidation of metabolites
by the tricarboxylic acid (TCA) cycle and β-oxidation of fatty acids. A previous study reported that
consumption of high-fat diet altered the energy metabolism of rat hepatocytes by inhibiting
mitochondrial OXPHOS [7].

Over the last few decades, public concerns on the interaction between health and nutrition has been
rapidly increasing. Fat is an essential macronutrient in common human diet, and vegetable oils represent
now the most consumed fat in the world. Edible oils, which can be grouped into three classes of fatty
acids—saturated fatty acids (SFAs), monounsaturated (MUFAs), and polyunsaturated fatty acid (PUFA)—
are commonly used in industrial food manufacturing and home cooking worldwide. However, some of
edible cooking oils, such as olive oil, soybean oil, and palm oil, are still more consumed than other oils of
higher quality and properties. Palm oil contains higher ratios of SFA to MUFA and PUFA than other
cooking oils [8]. Previously, Li et al. [9] studied the effects of palm oil diet compared with low-fat diet on
the expression level of lipid breakdown-related genes and found that palm oil showed signi�cantly
downregulated hepatic PPAR-α expression levels. When PPARα is inhibited by fatty acids, FA oxidation
and the ensuing ATP production are diminished. Many previous studies found that SFA intake is
associated with secondary diseases, such as glucose intolerance, insulin resistance, dyslipidemia,
cardiovascular disease (CVD), and hepatic steatosis [10–12]. High intake of dietary fat is associated with
increased ROS production, decreased respiration, respiratory uncoupling, and reduced ATP production
[13–16].

Crocodylus siamensis is one of the native freshwater crocodile species of Southeast Asia [17]; these are
now commercially bred on large scale in Thailand. Crocodile oil gis extracted from the fatty tissues of the
crocodile; it contains high concentrations of PUFA and MUFA [18] when compared to other type of animal
oils. CO was reported to be very effective in the treatment of varied ailments, ranging from skin conditions
to cancer, and has been used for centuries by traditional practitioners [19]. Many previous studies also
reported that CO has been used to treat skin rashes and promote wound healing [19–20]. Another study
in hamsters showed that a combination of low MUFA and low PUFA to SFA ratio induces weight gain and
body fat accumulation, while a high MUFA and high PUFA/SFA ratio prevented white adipose tissue
accumulation [21].

Therefore, the aim of this research was to investigate the effect of CO on hepatic energy metabolism and
mitochondrial function in rats. We hypothesized that CO may be associated with alterations in
mitochondrial protein expression of energy metabolic pathways in rat livers. This research may help
clarify the action of CO in maintaining energy homeostasis in the liver and likely be a biomarker for
metabolic liver disease.

Materials And Methods

Ethics statement
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The research conducted adhered 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).

Crocodile oil preparation
Crocodile oil extraction was performed according to the method described by Santativongchai et al. [22].
Abdominal fat samples were collected from slaughtered C. siamensis (age: 3–5 years) obtained from a
crocodile farm in Nakhon Pathom province, Thailand.

The samples were pressed through two layers of �lter cloth with distilled water at the proportion of 1:1
(w/v). Subsequently, the solution was left undisturbed until separation of the mixture was observed. The
upper clear oil fraction was then collected, evaporated, and stored in a sealed container at room
temperature.

Animal care, diets and experimental design
Brie�y, 21 Sprague–Dawley male rats (age: 7 weeks) were obtained from Nomura Siam International Co.
Ltd., Samutprakan province, Thailand. The animals were individually housed under controlled
environmental conditions (25 ± 2°C on a 12-h light/12-h dark cycle). Rats had ad libitum access to food
and drinking water throughout the study. Rats were randomly divided into three groups (n = 7/group).
Rats in group 1 were treated with sterile water (RO), those in group 2 were treated with crocodile oil (3%
v/w) (CO), and those in group 3 were treated with commercial palm oil (3% v/w) (PO). The animals were
orally administered sterile water, CO, and PO once daily for 7 weeks.

Measurement of body weight, food intake, and energy
intake of animals
Food consumption was measured daily between 11:00 and 11:30 A.M. by weighting the rats. The food
intake of each rat was measured by weighting the remaining chow. Food intake was also monitored daily
to calculate the energy intake. The body weight was measured weekly throughout the experimental
duration.

Sample collection
At the end of experiment, all animals were sacri�ced by a lethal dose of pentobarbital sodium. Blood
samples were collected by cardiac puncture and were centrifuged at 2,200 g for 15 min at 4°C. The serum
was stored at -20°C until further analyses. The serum lipid pro�le included triglycerides, cholesterol, high-
density lipoprotein (HDL), and low-density lipoprotein (LDL) and were determined by Hitachi 7080
analyzer (Hitachi, Japan).

Liver specimens were immediately collected and weighed. The liver specimens were stored on ice-cold
homogenate buffer (0.32 M sucrose, 1 mM EDTA, and 10 mM Tris-HCL; pH 7.4) when performing a
standard protocol for mitochondrial extraction. Some of the liver tissue was also collected and separated
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for histopathology analysis and preserved in 10% neutral buffer formalin. Liver samples were collected
and homogenized in ice-cold PBS (20% w/v) and centrifuged at 2,000 g for 20 min at 4°C. The
supernatants were stored at -80°C until further analysis.

Energy metabolism-related intermediates analysis
The frozen supernatants were mixed with methanol in a ratio of 2:8 (v/v). After centrifugation (20,000 g
for 20 min, 4°C), the supernatants were taken out and evaporated using a freeze dyer at -80°C. The
metabolites were then re-dissolved in 500 µL HPLC buffer. Each 5 µL sample was subjected to HPLC
analysis. Chromatography was performed as follows: the injection volume was set to 5 µL and the
column was kept at 40°C. An InertSustain C18 (150×4.6 mm) measuring 5 µm was used to achieve
separation of the mobile phase consisting of 8% 1 N sulfuric acid. The gradient elution was used at a
�ow rate of 1 mL/min.

Hepatic histopathology and fat accumulation analysis
Fixed livers were stored in 10% formalin for 24-h at room temperature. The sample were embedded in
para�n and sectioned at 5-µm thickness, and stained with hematoxylin and eosin (H&E). Hepatic fat
accumulation was determined by Oil Red O (ORO) staining. Liver cryosections (5 µm thick) were �xed
with 10% NBF in PBS for 20 min and incubated in freshly prepared ORO solution for 10 min and then
counterstained with hematoxylin for 20 sec. The sections were examined under a light microscope with a
magni�cation 200×. The number and total surface area of lipid particles were analyzed.

Liver mitochondrial extraction
The liver mitochondrial extraction was performed within 1–2 h to prevent cellular damage. Liver samples
from each group were pooled, weighed, homogenized, and washed in homogenate buffer. Liver
specimens were homogenized in a glass Potter–Elvehjem tissue grinder with an appropriate volume of
the homogenate buffer (4 mL homogenate buffer/1 g of liver specimen). During this step, several up and
down strokes were performed using a motor-driven Te�on pestle at 600 rpm. Next, homogenates were
centrifuged at 1,000 g at 4°C for 5 min. The supernatants were collected and centrifuged at 15,000 g at
4°C for 2 min. The mitochondrial pellets were collected and washed several times in homogenate buffer.
The pellets were resuspended in ice-cold �nal equilibrated buffer (250 mM sucrose, 5 mM KH2PO4, 10
mM Tris-HCl, and 2 mg/mL bovine serum albumin [BSA]; pH 7.2), and 200 µL of the resuspended pellet
was then �xed in 2.5% glutaraldehyde in 0.1 M sucrose phosphate buffer (SPB) for electron microscopy
analysis. The mitochondrial protein content was measured by protein assay (Bio-Rad®) using a
spectrophotometer (NanoDrop-1000, Thermo Scienti�c).

Conventional electron microscopy
Electron microscopy was used to examine the ultrastructure of liver mitochondria. Fixation of the liver
specimens from each group was performed using 1% osmium tetroxide, dehydrated in graded ethanol,
in�ltrated in a series of LR white resin (EMS®, USA), embedded in pure LR white (EMS®, USA),
polymerized at 60°C for 48 h, cut into 100-nm–thick sections, and stained with lead citrate and uranyl



Page 6/20

acetate. The liver ultrastructure was examined under a transmission electron microscope (model HT7700,
Hitashi, Japan). Intact mitochondria in hepatocytes were counted (50 cells per group) and compared with
other treatment groups.

Metabolite-protein and protein-protein interaction
We utilized STITCH V. 5.0 (http://stitch.embl.de/) to establish the interaction prediction between the
expected metabolites and proteins that interact with the targeted mitochondrial energy-maintenance
protein (haloacid dehalogenase-like hydrolase domain containing 3: HDHD3), such as the energy-related
proteins (PRKAA, PRKAB, PRKAG, AKT, PPAR-α, PPAR-γ) and energy-related metabolites (lactate, pyruvate,
oxaloacetate, citrate), with a required con�dence threshold (score) of 0.40.

Immunogold labelling technique
The immunogold labelling technique was used to compare the expression of HDHD3 (mitochondrial
energy marker), and its localization on mitochondria among the groups. Rabbit polyclonal anti-HDHD3
was used as the primary antibody marker (MyBioSource, USA).

The mitochondrial pellet from the pooled liver extract in each group was secondary �xed, and tissue
processing was performed as described previously. The tissue sections were blocked using 50 mM
glycine in phosphate-buffered saline (PBS) followed by 5% BSA (EMS, USA) in PBS for 30 min each.
Then, they were incubated with 1:50 diluted primary antibodies for 1 h prior to applying goat anti-rabbit
IgG conjugated with 10-nm gold particles (EMS®, USA). Between each step, sections were washed
several times using 0.1% BSA in PBS. To improve contrast of the gold particle labelling, a silver
enhancement kit (Aurion R-Gent SE-EM kit, EMS, USA) was used after rigorously washing the tissue
sections with distilled water. Finally, the sections were stained with lead citrate and uranyl acetate prior to
transmission electron microscopy. The number of labelled gold particles was counted for the intact stage
of liver mitochondria (50 mitochondria/group were evaluated).

Data analysis and statistical methods
The data are expressed as means ± SD. Statistical analysis was performed by analysis of variance (one-
way ANOVA) followed by Tukey’s post-hoc test in R project statistical computing package (R core team,
2019). For all analyses, p < 0.05 was considered to indicate statistical signi�cance.

Results

Effect of dietary CO on �nal body weight, body weight gain,
food intake and energy intake
As shown in Table 1, CO- and PO-treated rats showed a signi�cant decrease in food intake when
compared to the RO group. However, there were no signi�cant differences on �nal body weight, body
weight gain and energy intake between each group.
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Table 1

Effect of dietary crocodile oil on �nal body weight, body weight gain, liver weight, liver index, average food
intake and average energy intake of rats for 7 weeks.

Group Final body
weight (g)

Body weight
gain (g)

Liver
weight

(g)

Liver
index

Food intake
(g/day)

Energy intake
(kcal/g)

RO 511.37 ± 9.57 26.17 ± 6.52 12.45 ± 
1.84

0.024 ± 
0.0015

18.82 ± 0.68a 57.21 ± 2.05

CO 520.84 ± 
13.95

39.33 ± 13.76 13.67 ± 
1.9

0.026 ± 
0.0034

15.84 ± 0.75b 60.16 ± 2.28

PO 515.31 ± 
10.909

34.67 ± 11.11 13.34 ± 
1.27

0.026 ± 
0.0019

14.98 ± 0.83b 58.53 ± 2.51

Data are expressed as the mean ± SD. Different letters indicate statistically signi�cant differences
between groups (P < 0.05).

Effect of dietary CO on blood lipid pro�les liver energy
metabolism-related metabolites
The serum lipid pro�le is presented in Fig. 1. The results showed no signi�cant difference among the
three groups. Interestingly, compared to the PO group, both CO and PO groups showed a decreasing trend
of triglyceride levels.

As show in Fig. 2, the CO-treated group indicated signi�cantly increased oxaloacetate and malate levels
in the liver. However, CO administration had no effect on hepatic lactate, pyruvate, citrate, and alpha-
ketoglutarate level (Fig. 2).

Effect of dietary CO on hepatic lipid accumulation
The liver H&E histologic examination revealed microvesicular fat depositions in CO- and PO-treated rats,
however the size of fat droplets in CO was obviously smaller than PO. Furthermore, macrovesicular
steatosis were found in PO, while the macrovesicular in CO was almost absent (Fig. 3). The effect of CO
supplementation on intracellular lipid levels in hepatocytes was also visualized by Oil Red O staining (Fig.
3). The CO group showed a signi�cant lower total surface area of lipid droplets in the liver than the PO
group. However, the total lipid particle area seen in CO-treated rats were signi�cantly higher than in RO-
treated rats.

Effect of CO on mitochondrial architecture and expression
of HDHD3 in liver mitochondria
Electron microscopy analysis was conducted after administration of CO for 7 weeks. The CO treated rats
showed a higher percentage of intact mitochondria than the PO-treated rats (Fig. 4). The expression of
energy maintenance protein, HDHD3, was chosen to verify their activity in the intact stage of
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mitochondria. The expression of mitochondrial HDHD3 was signi�cantly upregulated in the CO group
compared to the PO group. Meanwhile, the expression of HDHD3 protein was signi�cantly upregulated in
the RO group compared with the CO and PO groups (Fig. 5).

The chemical-protein and protein-protein interaction
analysis
As shown in Fig. 6, the interaction network showed that the HDHD3 protein was linked with the energy
homeostatic pathway in the liver. HDHD3 showed functional interaction with only one protein in the
AMPK signaling pathway (PRKAG1). Furthermore, HDHD3 also showed functional interactions with
energy related-metabolites and was associated with ATP metabolic processes. Meanwhile, three main
fatty acids of CO (linoleic acid, oleic acid and, palmitic acid) well interacted with other chemicals in
hepatic energy metabolism and proteins associated with the AMPK signaling pathway. Thus, CO can
improve the activity of energy metabolism in the liver by up-regulating the mitochondrial protein, HDHD3.

Discussion
In this study, by using metabolomics and analyzing the ultrastructure of mitochondria, we investigated
the different effects between CO and PO diets on hepatic metabolism and mitochondrial function. Our
results showed that compared to PO, CO, an alternative source of PUFA and MUFA, could increase some
key metabolites in the TCA cycle, decrease hepatic steatosis, improve liver mitochondrial architecture, and
upregulate HDHD3 protein expression. Crocodile oil administration was useful to treat clinical liver
metabolic damage.

Palm oil treatment led to lower malate and oxaloacetate levels and induced liver fat accumulation and
mitochondrial dysmorphology, which contributed to the impairment of energy metabolism. Palm oil is
rich in SFAs, especially palmitic acid, unlike most other vegetable oils that are richest in unsaturated fatty
acids [23]. Palm oil is currently the most used edible oil in many food industries, even though the
associated health risks are unclear. Results of the Oil red O staining showed that the liver of rats fed with
PO for 7 weeks showed signi�cantly increased hepatic steatosis compared with the RO and PO group. A
similar �nding was noted in a previous study which reported that PO altered hepatic metabolism and
caused lipid accumulation via disturbed hepatocyte transcription [24]. A further study by Wen et al. [25]
showed that SFAs like palmitic acid can switch on the NOD-like receptor family pyrin containing 3
(NLRP3) in�ammasome via an AMP-activated protein kinase-autophagy pathway that activates
macrophage NLRP3 in�ammasomes that are associated with the development of liver steatosis [26].
Previous studies have found that abnormalities of mitochondrial morphology and function may be
associated with fatty liver accumulation [27–28]. Meanwhile, Li et al. [9] compared the effect of PO and
low-fat diet on the expression level of lipid breakdown-related genes and found that the PPAR-α
expression levels of the PO-treated group were signi�cantly downregulated. The nuclear receptor protein—
PPARs—are fundamentally important for energy homeostasis. PPARα activates genes encoding enzymes
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involved in fatty acid oxidation (FAO), fatty acid transport proteins, and their derivatives to enter into the
β-oxidation pathway [29]. Our study indicated the potential unhealthy effects of PO in the diet: PO
appeared to induce hepatic lipid accumulation by down-regulating the transcriptional level of energy
homeostatic genes and cause liver damage by impairing the mitochondrial function.

Energy metabolism related-metabolite �ow re�ects the energy production in the liver. Compared to PO
administration, 7 weeks of CO administration led to a signi�cant increase in oxaloacetate and malate
levels in the TCA cycle. The TCA cycle is the central metabolic hub of the cell and also an important
source of precursors for energy supply. Crocodile oil from C. siamensis is rich in MUFA and PUFA, which
are the main constituents of oleic acid and linoleic acid [30]. Although the effects of CO on energy
metabolism are still not entirely clear, we found that linoleic acid (LA) and α-linolenic acid (ALA) are
essential fatty acids for good health and the precursors of long-chain PUFA for the omega-6 group of
arachidonic acid and the omega-3 group of Eicosapentaenoic acid (EPA) and Docosahexanoic acid
(DHA) [31]. Belury et al. [32] found that conjugated LA administration activated PPAR-α in mice liver.
Moreover, previous data reported that conjugated LA could induce anti-in�ammatory macrophages in a
PPAR-γ-dependent manner [33]. Evidence from animal and clinical studies from previous review suggests
that macrophage targeting may improve the liver fatty disease progress and related metabolic disorders
[34].Moreover, Liu et al. [35] studied the mechanism by which omega-3 PUFAs in�uence TCA cycle under
conditions of obesity and found that PUFAs may alleviate obesity by affecting mitochondrial function
and restoring TCA cycle homeostasis, especially the transcription and translation of TCA cycle enzymes
such as citrate synthase (CS), isocitrate dehydrogenase 1 (IDH1), isocitrate dehydrogenase 2 (IDH2),
succinate dehydrogenase subunits A (SDHA), succinate dehydrogenase subunits B (SDHB), fumarate
hydratase (FH), and malate dehydrogenase 2 (MDH2) in HepG2 cells. Thus, fat diet-enriched of linoleic
feeding could induce energy metabolic activity in rats by triggering the PPAR in TCA intermediate
production.

To explore the possible mechanisms of CO for the improvement in liver energy metabolism, we observed
the liver mitochondrial morphology and expression level of the protein related to energy homeostasis. A
previous study reported that fat diet rich in SFAs elicited hepatic fat accumulation and insulin resistance,
which was consistent with impaired mitochondrial function, increased reactive oxygen species
production, and a dysregulated expression pro�le of mitochondrial dynamics proteins [36]. Moreover,
high-fat diet was associated with decreased energy expenditure and expression of genes controlling lipid
metabolism and mitochondrial function [37]. Ampawong et al. [38] showed that dysregulated lipid
metabolism can lead to mitochondrial alteration and high levels of apoptosis in addition to defective
energy production. Our study indicated that CO-treated rats showed signi�cantly higher percentage of
intact mitochondria than the PO group. Zhang et al. [39] indicated that PUFAs may signi�cantly increase
mitochondrial fusion by up-regulating mitofusin 2 (Mfn2) expression in steatotic hepatocytes. Moreover,
PUFAs may also increase ATP levels and reduce ROS production through Mfn2 activity. Our results also
con�rmed the protective effect of CO on energy metabolism, and we found that CO not only maintains
mitochondrial morphology but also enhances energy production via upregulating mitochondrial HDHD3
protein in the liver. Our results also showed the downregulation of HDHD3 in PO-treated rats. The
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interaction network between the HDHD3 and other proteins in STITCH database such as AKT, PPARα,
PPARγ, PRKAα, and PRKAγ were used to investigate the effects of CO on hepatic energy metabolism
(Fig. 5). The HDHD3 proteins were found to be associated with the protein kinases AMP-activated non-
catalytic subunit gamma 1 (PPKAG1) and ATP production. The proteins encoded by genes are catalytic
subunits of AMP-activated protein kinase (AMPK) [40–42]. The AMPK is an important energy-sensing
enzyme that monitors the cellular energy status which regulates the transcription of many genes involved
in mitochondrial energy metabolism and the oxidation of glucose and fatty acids [43]. Moreover,
activation of AMPK was shown to reduce liver lipid content in many preclinical studies [44] by modulating
de novo lipogenesis (DNL), fatty acid oxidation (FAO), and fatty acid release from the adipose tissue [45].
The major catabolic pathway of FAO could resolve hepatic lipid storage and convert fatty acids to acetyl-
CoA that could enter the TCA cycle and then be utilized by the mitochondria to produce ATP.

The consumption of oil rich in PUFA could enhance the hepatic AMPK activity and in�uence the
regulation of hepatic lipid metabolism and gene expression [46]. Similar to the previous results of marked
effects of krill oil (enriched with PUFA) on liver function, the results showed that the oil regulates genes
and pathways involved in hepatic energy metabolism [47]. Polyunsaturated fatty acids have a unique
ability towards metabolic associated fatty liver disease. AMPK also directly activates PPARγ co-activator
1α to induce mitochondrial biogenesis [48–50]. Mitochondrial biogenesis occurs in response to liver
mitochondrial dysfunction in order to maintain cellular homeostasis against oxidative stress and injury
by forming new mitochondria [51]. Therefore, the CO group could help to maintain the mitochondrial
number and function. This study revealed that CO could improve liver energy metabolic dysfunction and
mitochondrial contents via activating the mitochondrial HDHD3 protein.

Conclusions
Our research provides new insights to understand the chronic effect of CO consumption on hepatic
energy metabolism and mitochondrial function. The CO treatment resulted in lowered food intake and
increased some key hepatic energy metabolite levels. It also prevents hepatic steatosis, improves
mitochondrial morphology, and plays a signi�cant role in maintaining energy metabolism by upregulating
HDHD3 expression. To our knowledge, this is the �rst report on the effect of CO on energy metabolism via
hepatic function. Our results may have clinical and therapeutic application through the expression of
protein-associated metabolic homeostasis. Crocodile oil can be a potential essential oil substitute and a
good choice for an economical therapeutic agent to treat metabolic energy disorders in the future.

Abbreviations
HDHD3, haloacid dehalogenase like hydrolase domain containing 3; TCA, tricarboxylic acid; AMPK; AMP-
activated protein kinase; CS, citrate synthase; IDH1, isocitrate dehydrogenase 1; IDH2, isocitrate
dehydrogenase 2; SDHA, succinate dehydrogenase subunits A; SDHB, succinate dehydrogenase subunits
B; FH, fumarate hydratase; MDH2, malate dehydrogenase 2; PRKAα, protein kinase AMP-activated-alpha;
PRKAβ, protein kinase AMP-activated-beta; PRKAγ, protein kinase AMP-activated-gamma; Akt,
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serine/threonine protein kinase; PPARα, Peroxisome Proliferator Activated Receptor Alpha; PPARγ,
peroxisome proliferator activated receptor gamma.

Declarations
Acknowledgments

This research was supported by the Department of Zoology, Faculty of Science and partially supported by
the Faculty of Veterinary Medicine, Kasetsart University, Thailand and the Science Achievement
Scholarship of Thailand (SAST). 

Con�ict of interests: The authors disclose no con�icts of interest

References
1. Vargas-Mendoza N, Madrigal-Santillán E, Morales-González A, Esquivel-Soto J, Esquivel-Chirino C,

García-Luna Y, González-Rubio M, et al. Hepatoprotective effect of silymarin. World journal of
hepatology. 2014;6(3):144–9.

2. Begriche K, Massart J, Robin MA, Borgne-Sanchez A, Fromenty B. Drug-induced toxicity on
mitochondria and lipid metabolism: mechanistic diversity and deleterious consequences for the liver.
Journal of hepatology. 2011;54(4):773–94.

3. Kawano Y, Cohen DE. Mechanisms of hepatic triglyceride accumulation in non-alcoholic fatty liver
disease. J Gastroenterol. 2013;48:434–41.

4. Kim JA, Wei Y, Sowers JR. Role of mitochondrial dysfunction in insulin resistance. Circulation
research. 2008;102:401–14.

5. Jelenik T, Roden M. Mitochondrial plasticity in obesity and diabetes mellitus. Antioxid Redox Signal.
2013;19:258–68.

�. Hesselink MK, Schrauwen-Hinderling V, Schrauwen P. Skeletal muscle mitochondria as a target to
prevent or treat type 2 diabetes mellitus. Nat Rev Endocrinol. 2016;12:633–45.

7. Vial G, Dubouchaud H, Couturier K, Cottet-Rousselle C, Taleux N, Athias A, et al. Effects of a high-fat
diet on energy metabolism and ROS production in rat liver. Journal of hepatology. 2011;54(2):348–
56.

�. Dubois V, Breton S, Linder M, Fanni J, Parmentier M. Fatty acid pro�les of 80 vegetable oils with
regard to their nutritional potential. Eur J Lipid Sci Technol. 2007;109(7):710–32.

9. Li Y, Yu X, Xu YJ, Li J, Du L, Su Q, et al. Effects of polar compounds in fried palm oil on liver lipid
metabolism in C57 mice. Journal of food science. 2020;85(6):1915–23.

10. Fabbrini E, Sullivan S, Klein S. Obesity and nonalcoholic fatty liver disease: biochemical, metabolic,
and clinical implications. Hepatology. 2010;51(2):679–89.



Page 12/20

11. Heinrichsen ET, Zhang H, Robinson JE, Ngo J, Diop S, Bodmer R, Joiner WJ, Metallo CM, Haddad GG.
Metabolic and transcriptional response to a high-fat diet in Drosophila melanogaster. Mol Metab.
2013;3(1):42–54.

12. McArdle MA, Finucane OM, Connaughton RM, McMorrow AM, Roche HM. Mechanisms of obesity-
induced in�ammation and insulin resistance: insights into the emerging role of nutritional strategies.
Front Endocrinol (Lausanne). 2013;4:52.

13. Boudina S, Sena S, Theobald H, Sheng X, Wright JJ, Hu XX, et al. Mitochondrial energetics in the
heart in obesity-related diabetes: direct evidence for increased uncoupled respiration and activation
of uncoupling proteins. Diabetes. 2007;56:2457–66.

14. Fink BD, Herlein JA, Almind K, Cinti S, Kahn CR, Sivitz WI. The mitochondrial proton leak in obesity-
resistant and obesity-prone mice. Am J Physiol Regul Integr Comp Physiol. 2007;293:R1773–80.

15. Pires KM, Ilkun O, Valente M, Boudina S. Treatment with a SOD Mimetic Reduces Visceral Adiposity,
Adipocyte Death, and Adipose Tissue In�ammation in High Fat-Fed Mice. Obesity (Silver Spring).
2014;22(1):178–87.

1�. Wang HT, Liu CF, Tsai TH, Chen YL, Chang HW, Tsai CY, et al. Effect of obesity reduction on
preservation of heart function and attenuation of left ventricular remodeling, oxidative stress and
in�ammation in obese mice. J TransI Med. 2012;10:145.

17. Kang JH, Zhang WQ, Song W, Shen DY, Li SS, Tian L, et al. Apoptosis mechanism of human
cholangiocarcinoma cells induced by bile extract from crocodile. Appl Biochem Biotechnol.
2012;166:942–51.

1�. Gunstone FD, Russell WC. Animal fats. The component acids of crocodile fat. Biochem J.
1954;57:462–5.

19. Buthelezi S, Southway C, Govinden U, Bodenstein J, du Toit K. An investigation of the antimicrobial
and anti-in�ammatory activities of crocodile oil. J Ethnopharmacol. 2012;143(1):325–30.

20. Lindsey KL, Jager AK, Raidoo DM, VanStaden J. Screening of plants used by Southern African
traditional healers in the treatment of dysmenorrhoea for prostaglandin-synthesis inhibitors and
uterine relaxing activity. J Ethnopharmacol. 1999;64:9–14.

21. Liao FH, Liou TH, Shieh MJ, Chien YW. Effects of different ratios of monounsaturated and
polyunsaturated fatty acids to saturated fatty acids on regulating body fat deposition in hamsters.
Nutrition. 2010;26:811–7.

22. Santativongchai P, Fungfuang W, Boonyawiwat V, Pongchairerk U, Tulayakul P. Comparison of
physicochemical properties and fatty acid composition of crocodile oil (Crocodylus siamensis)
extracted by using various extraction methods. Int J Food Prop. 2020;23(1):1465–74.

23. Orsavova J, Misurcova L, Ambrozova JV, Vicha R, Mlcek J. Fatty Acids Composition of Vegetable
Oils and its Contribution to Dietary Energy Intake and Dependence of Cardiovascular Mortality on
Dietary Intake of Fatty Acids. Int J Mol Sci. 2015;16:12871–90.

24. Sales RC, Medeiros PC, Sprea�co F, de Velasco PC, Gonçalves F, Martín-Hernández R, et al. Olive Oil,
Palm Oil, and Hybrid Palm Oil Distinctly Modulate Liver Transcriptome and Induce NAFLD in Mice



Page 13/20

Fed a High-Fat Diet. Int J Mol Sci. 2018;20(1):8.

25. Wen H, Gris D, Lei Y, Jha S, Zhang L, Huang MT, et al. Fatty acid-induced NLRP3-ASC in�ammasome
activation interferes with insulin signaling. Nature immunology. 2011;12(5):408–15.

2�. Zhu W, Feng PP, He K, Li SW, Gong JP. Liraglutide protects non-alcoholic fatty liver disease via
inhibiting NLRP3 in�ammasome activation in a mouse model induced by high-fat diet. Biochem
Biophys Res Commun. 2018;505(2):523–9.

27. Rovés PM, Fernandez-Checa JC. Mitochondrial dysfunction in non-alcoholic fatty liver disease and
insulin resistance: cause or consequence? Free Radic Res. 2013;47(11):854–68.

2�. Begriche K, Massart J, Robin MA, Bonnet F, Fromenty B. Mitochondrial adaptations and dysfunctions
in nonalcoholic fatty liver disease. Hepatology. 2013;58(4):1497–507.

29. Feingold KR, Wang Y, Moser A, Shigenaga JK, Grunfeld C. LPS decreases fatty acid oxidation and
nuclear hormone receptors in the kidney. J Lipid Res. 2008;49:2179–87.

30. Li HL, Chen LP, Hu YH, Qin Y, Liang G, Xiong YX, et al. Crocodile oil enhances cutaneous burn wound
healing and reduces scar formation in rats. Academic emergency medicine: o�cial journal of the
Society for Academic Emergency Medicine. 2012;19(3):265–73.

31. Mühlroth A, Li K, Røkke G, Winge P, Olsen Y, Hohmann-Marriott MF, et al. Pathways of lipid
metabolism in marine algae, co-expression network, bottlenecks and candidate genes for enhanced
production of EPA and DHA in species of Chromista. Marine drugs. 2013;11(11):4662–97.

32. Belury MA, Moya CSY, Liu KL, Vanden HJP. Dietary Conjugated Linoleic Acid Induces Peroxisome
Speci�c Enzyme Accumulation and Ornithine Decarboxylase Activity in Mouse Liver. J Nutr Biochem.
1997;8:579–84.

33. Hosomi K, Kiyono H, Kunisawa J. Fatty acid metabolism in the host and commensal bacteria for the
control of intestinal immune responses and diseases. Gut microbes. 2020;11(3):276–84.

34. Lefere S, Tacke F. Macrophages in obesity and non-alcoholic fatty liver disease: Crosstalk with
metabolism. JHEP Rep. 2019;1(1):30–43.

35. Liu R, Chen L, Wang Z, Zheng X, Hou Z, Zhao D, et al. Omega-3 polyunsaturated fatty acids prevent
obesity by improving tricarboxylic acid cycle homeostasis. J Nutr Biochem. 2021;88:108503.

3�. Lionetti L, Mollica MP, Donizzetti I, Gifuni G, Sica R, Pignalosa A, et al. High-lard and high-�sh-oil diets
differ in their effects on function and dynamic behaviour of rat hepatic mitochondria. PloS one.
2014;9(3):e92753.

37. Choi M, Kim Y, Kwon E, Ryoo J, Kim S, Jung U. High-fat diet decreases energy expenditure and
expression of genes controlling lipid metabolism, mitochondrial function and skeletal system
development in the adipose tissue, along with increased expression of extracellular matrix
remodelling- and in�ammation-related genes. Br J Nutr. 2015;113(6):867–77.

3�. Ampawong S, Isarangkul D, Aramwit P. Sericin ameliorated dysmorphic mitochondria in high-
cholesterol diet/streptozotocin rat by antioxidative property. Experimental Biology Medicine.
2017;242(4):411–21.



Page 14/20

39. Zhang Y, Jiang L, Hu W, Zheng Q, Xiang W. Mitochondrial dysfunction during in vitro hepatocyte
steatosis is reversed by omega-3 fatty acid-induced up-regulation of mitofusin 2. Metabolism.
2011;60(6):767–75.

40. Cheung PCF, Salt IP, Davies SP, Hardie DG, Carling D. Characterization of AMP-activated protein
kinase γ-subunit isoforms and their role in AMP binding. Biochem J. 2000;346(3):659–69.

41. Stapleton D, Gao G, Michell BJ, Widmer J, Mitchelhill K, The T, et al. 1994. Mammalian 5'-AMP-
activated protein kinase non-catalytic subunits arehomologs of proteins that interact with yeast Snf1
protein kinase. J Biol Chem. 1994;269(47):29343–29346.

42. Thornton C, Snowden MA, Carling D. Identi�cation of a novel AMP-activated protein kinase β subunit
isoform that is highly expressed in skeletal muscle. J Biol Chem. 1998;273(20):12443–50.

43. Yang CS, Kim JJ, Lee HM, Jin HS, Lee SH, Park JH, et al. The AMPK-PPARGC1A pathway is required
for antimicrobial host defense through activation of autophagy. Autophagy. 2014;10(5):785–802.

44. Boudaba N, Marion A, Huet C, Pierre R, Viollet B, Foretz M. AMPK re-activation suppresses hepatic
steatosis but its downregulation does not promote fatty liver development. EBioMedicine.
2018;28:194–209.

45. Zhao P, Saltiel AR. From overnutrition to liver injury: AMP-activated proteinkinase in nonalcoholic
fatty liver diseases. J Biol Chem. 2020;295(34):12279–89.

4�. Suchankova G, Tekle M, Saha AK, Ruderman NB, Clarke SD, Gettys TW. Dietary polyunsaturated fatty
acids enhance hepatic AMP-activated protein kinase activity in rats. Biochem Biophys Res Commun.
2005;326(4):851–8.

47. Burri L, Berge K, Wibrand K, Berge RK, Barger JL. Differential effects of krill oil and �sh oil on the
hepatic transcriptome in mice. Frontiers in genetics. 2011;2:45.

4�. Cantó C, Auwerx J. PGC-1α. SIRT1 and AMPK, an energy sensing network that controls energy
expenditure. Curr Opin Lipidol. 2009;20:98–105.

49. Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman B. M. A cold-inducible coactivator of
nuclear receptors linked to adaptive thermogenesis. Cell. 1998;92:829–39.

50. Kelly DP, Scarpulla RC. Transcriptional regulatory circuits controlling mitochondrial biogenesis and
function. Genes Dev. 2004;18:357–68.

51. Peterson YK, Cameron RB, Wills LP, Trager RE, Lindsey CC, Beeson CC, et al. Beta2-Adrenoceptor
agonists in the regulation of mitochondrial biogenesis. Bioorg Med Chem Lett. 2013;23(19):5376–
81.

Figures



Page 15/20

Figure 1

Effect of dietary crocodile oil on serum (A) cholesterol, (B) triglyceride, (C) low-density cholesterol (LDL),
and (D) high-density cholesterol (HDL) levels of rats for 7 weeks. Data are expressed as the mean±SD.
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Figure 2

Effect of dietary crocodile oil on liver energy metabolism related-metabolites (A) lactate, (B) pyruvate, (C)
citrate, (D) oxaloacetate, (E) alpha-ketoglutarate, and (F) malate levels. Data are expressed as the
mean±SE. Different letters indicate statistically signi�cant differences between groups (P<0.05).
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Figure 3

Histological analysis of liver lipid accumulation after 7 weeks of crocodile oil administration. (A-C)
Representative photos of H&E staining (200x). (D-F) Representative photos of H&E staining (400x) with
morphological forms of hepatic steatosis; CO showed microvesicular steatosis, whereas PO showed
micro and macrovesicular steatosis. (G-I) Representative photos of H&E (400x). The bar graph indicates
the total surface area of the lipid droplets (J); data is represented by mean±SD. Different letters indicate
statistically signi�cant differences between groups (P<0.05).
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Figure 4

Comparison of electron micrograph of the hepatic mitochondria conformation among the RO (A), CO (B),
and PO (C) groups. The bar graph indicates the percentage of Intact mitochondria (D), data is represented
by mean ± SD. Different letters indicate statistically signi�cant differences between groups (P<0.05).
Scale bars represent 2 µm.
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Figure 5

Comparison of the HDHD3 immunogold labelling at the intact stage of hepatic mitochondria among the
RO (A), CO (B) and PO (C) groups. The bar graph indicates the level of gold particles in HDHD3 labelling
(D); data is represented by mean±SD. Different letters indicate statistically signi�cant differences
between groups (P<0.05). Scale bars represent 200 nm. Blue arrow indicates a number of HDHD3-labeled
gold particle.
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Figure 6

The chemical-protein and protein-protein interaction network of HDHD3 and three main fatty acids of CO
on the energy metabolic pathway in the rat livers, analyzed by STITCH v 5.0.


