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Abstract
The beneficial effects of omega-3 polyunsaturated fatty acids (n-3 PUFAs) on preventing obesity are well known; however, the underlying mechanism by
which n-3 PUFAs influence tricarboxylic acid (TCA) cycle under obesity remains unclear. We randomly divided male C57BL/6 mice into 5 groups (n=10) and fed
for 12 weeks as follows: mice fed a normal diet (Con, 10% kcal); mice fed a high-fat diet (HFD, lard, 60% kcal); and mice fed a high-fat diet (60% kcal) substituting
half the lard with safflower oil (SO), safflower oil and fish oil (SF) and fish oil (FO), respectively. Then we treated HepG2 cells with palmitic acid and DHA for 24 h.
We found that body weight in FO group was significantly lower than it in HFD and SO groups. N-3 PUFAs reduced the transcription and translation of TCA cycle
enzymes, including IDH1, IDH2, SDHA, FH and MDH2, to enhance mitochondrial function in vivo and vitro. DHA significantly inhibited protein expression of the
mTORC1 signaling pathway, increased p-AKT protein expression to alleviate insulin resistance and improved mitochondrial oxygen consumption rate and
glycolysis ability in HepG2 cells. In addition, the expressions of IDH2 and SDHB were reduced by rapamycin. N-3 PUFAs could prevent obesity by improving TCA
cycle homeostasis and mTORC1 signaling pathway may be upstream.
© 2020 Elsevier Inc. All rights reserved.
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1. Introduction
Obesity has become a global public health crisis, and China has
replaced the United States as having the largest number of affected
people worldwide, with approximately 46% of adults and 15% of
children being obese or overweight [1]. In addition to the rapid
development of the economy, the dietary nutrition of Chinese people
has improved. However, obesity and overweight are caused by
changes in dietary structure [2]. A research found that one-ﬁfth of
the world's deaths (11 million deaths) were related to unhealthy diets
and low n-3 PUFA intake accounted for more than 2% of global deaths
in 2017.Remarkably, the average intake of polyunsaturated fatty acids
(PUFAs) and omega-3 (n-3) PUFAs in East Asia is lower than the global
standard level, but the intake of high-income Asia Paciﬁc region
countries, such as Japan, South Korea, Australia and other countries, is
considerably increased. These results indicate that the intake of n-3
PUFAs and PUFAs in China is far lower than the global standard
consumption. Studies have provided a basis for the implementation of
evidence-based diet interventions to improve human health [3].
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N-3 PUFAs contain α-linolenic acid (ALA), eicosapentaenoic acid
(EPA), docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA)
[4]. In natural food, ALA is mainly of plant origin and EPA and DHA exist
in seafood, especially deep-sea ﬁsh and seaweed. Numerous studies
have shown that n-3 PUFAs affect the physiological functions of
various tissues, including the heart, liver, muscle, fat and nervous
system, and signiﬁcantly reduce the incidence of tumors, obesity and
cardiovascular disease. N-3 PUFAs regulate membrane ﬂuidity and
biophysical activity and sodium channels to exert antiarrhythmic or
anti-inﬂammatory effects. In addition, n-3 PUFAs directly regulate
peroxisome proliferator-activated receptor (PPAR), hepatocyte
nuclear factor 4 (HNF-4), liver X receptor (LXR), retinoid X receptor
(RXR) and sterol regulatory element binding transcription factor-1c
(SREBP-1c) to affect lipid metabolism and inﬂammation [5–10]. In
2002, the American Heart Association began to recommend EPA and
DHA to reduce triglyceride (TG) levels in hyperlipidemic patients [11].
It is found that n-3 PUFAs could regulate mitochondrial function
and prevent insulin resistance, Alzheimer's disease and other diseases
[12]. Mitochondria are the main organelles producing energy in cells,
in addition to participating in the oxidative phosphorylation of
adenosine 5′-triphosphate (ATP) synthesis, they also participate in
the tricarboxylic acid (TCA) cycle, fatty acid β-oxidation, urea
synthesis, heme synthesis and other processes [13,14]. The TCA cycle
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is a common metabolic pathway of carbohydrates, lipids and amino
acids in mitochondria and provides precursors for other types of
anabolism [15]. TCA cycle is a dynamic process in vivo and may be
similar to mitochondrial homeostasis and Ca2+ homeostasis [16,17],
which could be called TCA cycle homeostasis. TCA cycle is relatively
stable, but when the balance of energy and metabolism is destroyed,
TCA cycle homeostasis will also be destroyed. In recent years, with the
aid of metabolomics analysis, it has been found that the levels of TCA
cycle metabolic substrates are disordered in patients with type 2
diabetes [18,19]. Therefore, it is very important for metabolism to
maintain the homeostasis of TCA cycle. Other studies have shown that
under lipopolysaccharide stimulation conditions, citrate and succinate
accumulate as intermediate products of the TCA cycle, but isocitrate
dehydrogenase (IDH) activity is inhibited in macrophages [20]. The
increase in succinic acid levels and mitochondrial membrane potential
in macrophages can advance the oxidation of mitochondrial succinic
acid, thus accelerating the production of mitochondrial reactive
oxygen species (ROS) and causing inﬂammation [21]. Our team's
previous research showed that nutrients could improve mitochondrial
function and alleviate insulin resistance by regulating PI3K protein
kinase [22]. As a member of PI3K family, mammalian target of
rapamycin complex 1 (mTORC1) activity affects gluconeogenesis, the
TCA cycle, and ketogenesis during obesity and insulin resistance [23].
It has also been indicated that mTORC1 can affect the mitochondrial
TCA cycle by regulating silence information regulator (SIRT4) [24,25].
And it is found that genetic ablation of estrogen-related receptor α
(ERRα) and rapamycin (an inhibitor of mTOR) treatment, alone or in
combination, alter the expression of these genes and induce the
accumulation of TCA metabolites [26]. Research has revealed that diet
and endogenous n-3 PUFAs can inhibit the activity of the mTORC1/2
pathway to prevent the occurrence, growth and metastasis of breast
cancer [27] and enhanced the anti-tumor activity of rapamycin while
minimizing its side effects in vitro and in vivo [28]. We speculated that
mTORC1 might be a key factor for n-3 PUFAs to improve mitochondrial
function by regulating TCA cycle homeostasis, leading to prevention of
metabolic syndrome.
Generally, dietary supplementation with n-3 PUFAs can prevent
metabolic syndrome [29–31]; however, it has not been found whether
n-3 PUFAs can affect the TCA cycle to improve metabolic syndrome. In
this study, we used n-3 PUFA-containing diet to treat mice to observe
the changes in translational and transcriptional levels of TCA cyclerelated enzymes. Then, to further explore the molecular mechanism
by which n-3 PUFAs inhibit obesity and insulin resistance, we
established a high-fat insulin resistance model with palmitic acid
(PA) in vitro and in HepG2 cells, simultaneously intervened with DHA,
and detected mitochondrial function, and the expression of proteins in
the TCA cycle and the mTORC1 signaling pathway.

2. Materials and methods
2.1. Materials
Fish oil (ω-3 PUFA ≥40%) was purchased from SCIPHAR and safﬂower oil (ω-6 PUFA
≥67.8%) was purchased from COFCO in China. All diets were professionally customized by
FBSH Biotechnology (Shanghai, China). DHA (purity ≥98%) was produced by Cayman
Chemical and sodium palmitate (purity ≥98.5%) was produced by Sigma-Aldrich. Serum
total cholesterol (TC) assay kits were purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). An anti-β-actin antibody was purchased from Sigma (St. Louis,
MO, USA); an anti-Raptor antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); all other antibodies were purchased from Cell Signaling Technology
(Boston, MA, USA). Other reagents used in this study were purchased from Sigma
(St. Louis, MO, USA).

2.2. Animal experiments
Four-week-old male C57BL/6 mice were purchased from SLAC Laboratory Animals
(Shanghai, China; approval number SCXK Hu 2017–0001). All animals were housed in a
temperature (22–28 °C) and humidity (60%)-controlled room on a 12-h light/12-h dark
cycle (08:00–20:00 light/20:00–08:00 dark). During the experiment, the mice were
given free access to food and distilled water and were weighed weekly. After 1 week of
acclimatization, the mice were randomly divided into ﬁve groups (n=10) and fed for
12 weeks as follows: mice fed a normal diet (Con, 10% kcal); mice fed a high-fat diet
(HFD, lard, 60% kcal); and mice fed three different kinds of high-fat diet (60% kcal)
which half of the kcal derived from lard was replaced with safﬂower oil (SO), safﬂower
oil + ﬁsh oil (SF) or ﬁsh oil (FO), respectively. All diets were professionally customized
by FBSH Biotechnology Co., Ltd. (Shanghai, China). After 12 weeks, the mice were fasted
overnight and sacriﬁced. The mice and their livers and epididymal fat were weighed.
The livers were washed with PBS, ﬂash frozen in liquid nitrogen and stored at −80 °C until
analysis. All efforts were made to minimize animal suffering. All procedures were
performed in accordance with the Regulations of Experimental Animal Administration
issued by the State Committee of Science and Technology of the People's Republic of China.

2.3. HepG2 cell culture
HepG2 cells were cultured in H-DMEM supplemented with 10% fetal bovine serum,
100 U/ml penicillin G sodium, and 100 μg/ml streptomycin sulfate at 37 °C in humid air
containing 5% CO2. HepG2 cells were used within 10 generations, and the experiments
were initiated once the cells reached 70% conﬂuence. To determine the effect of DHA on
insulin resistance in vitro, we established an insulin resistance model via PA treatment.
First, HepG2 cells were treated with PA at concentrations of 150, 300, 450 and 600 μM
for 24 h. Then, 172 nM insulin was added for 15 min.

2.4. Assessment of cell viability
The effect of DHA on the viability of HepG2 cells was analyzed in vitro using an MTT
assay. Cells were seeded in 96-well plates at a density of 5×104 cells/ml. HepG2 cells
were exposed to FBS-free H-DMEM challenge for 6 h. Subsequently, the control group
was cultured in H-DMEM with 10% FBS for 24 h; other groups were treated with
different concentrations of DHA (0, 10, 25, 50, 100, 200 and 400 μM) in FBS-free HDMEM for 24 h. Following incubation, 100 μl of MTT-DMEM solution (1:9) was added to
each well, the plate was incubated for 4 h, and 100 μl of DMSO was added to each well.
The optical densities were read at 550 nm using a microplate spectrophotometer (Flex
Station 3, Molecular Devices, Sunnyvale, CA, USA).

Fig. 1. Dietary n-3 PUFAs prevent obesity in mice. Body weight (A) and epididymal fat mass (B) in ﬁve groups of mice. Values are shown as the mean±S.E.M. (n=10). *P<.05, **P<.01 vs.
the HFD group; #P<.05, ##P<.01 vs. the SO group.
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2.5. Cell oxygen consumption rate and extracellular acidification rate measurement

2.6. Western blot analyses

The oxygen consumption rate (OCR) and extracellular acidiﬁcation rate (ECAR) were
measured as previously described [32,33]. Brief, HepG2 cells were seeded at a density of
1.5×104 cells/ml in XF 24-well microplates (Seahorse Bioscience, Billerica, MA, USA). For
cellular OCR assays, the ﬁnal concentrations of the mitochondrial inhibitors were 1 μM
antimycin A, 0.5 μM FCCP and 1 μM oligomycin. ECAR was performed using a Seahorse XF
Glycolysis Stress Test kit. After detection, the cell protein concentration was calculated,
and the OCR and ECAR measurements were adjusted accordingly.

Samples were lysed with IP buffer. In addition, liver samples were shredded and
homogenized by a tissue homogenizer. Afterward, the homogenates were centrifuged
(13,000×g for 15 min at 4 °C), and the supernatants were collected. The protein
concentrations were determined with a BCA protein assay kit. Equal aliquots (20 μg) of
the protein were separated by SDS-PAGE, transferred to pure nitrocellulose membranes
from PerkinElmer Life Sciences (Boston, MA, USA), and blocked with 1% bovine serum
albumin (BSA) in TBST buffer for 1 h. After that, the membranes were incubated with

Fig. 2. Dietary n-3 PUFAs inhibit TCA cycle signaling in vivo. The levels of TCA cycle signaling proteins are shown in (A) (western blot image) and (B, C) (statistical results). The mRNA
levels of TCA cycle-related genes are shown (D, E). The mitochondrial complex expression levels are shown in (F) (western blot image) and in (G) (statistical results). Values are shown
as the mean±S.E.M. (n=5); *P<.05, **P<.01 vs. the HFD group; #P<.05, ##P<.01 vs. the SO group.
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primary antibodies at 4 °C overnight. The membranes were incubated with secondary
antibodies at room temperature for 1 h. After the membranes were washed,
chemiluminescent detection was performed using an ECL western blotting detection
kit (Thermo Fisher, Rockford, IL, USA). The results were analyzed by Quantity One
software (Bio-Rad, Shanghai, China) to obtain the optical density ratio of the target
proteins relative to β-actin or GAPDH.
2.7. RT-PCR
Total RNA was extracted from 20 mg of tissue or HepG2 cells using TRIzol reagent
according to the manufacturer's instructions. The quality and quantity of the extracted
RNA were measured by a spectrophotometer. Then, 2 μg of RNA from each sample was
reverse-transcribed into cDNA and stored at−80 °C. Subsequently, quantitative PCR
was performed using a real-time PCR system (Eppendorf, GER). The expression of the
target genes was normalized to that of β-actin. The reaction program and primers are
shown in Supplementary Tables S1, S2 and S3.
2.8. Statistical analysis
Data are presented as the mean±S.E.M. Statistical signiﬁcance was evaluated by
one-way analysis of variance (ANOVA) using GraphPad Prism 6. The level of signiﬁcance
was set at P<.05 in all comparisons.

3. Results
3.1. Dietary n-3 PUFAs prevent obesity in mice and inhibit TCA cycle
signaling in vivo
After 12 weeks, we measured body weight and epididymal fat mass
to detect the effect of n-3 PUFAs intake on obesity in vivo. Compared

with that in the HFD group, the body weight in the FO group was
signiﬁcantly decreased to normal levels (Fig. 1A). In addition, the
trend of epididymal fat mass was the same as that of body weight
(Fig. 1B). This ﬁnding shows that excessive intake of n-6 PUFAs is
equivalent to saturated fatty acids for causing obesity. However, as the
n-3 PUFAs intake increased, the symptoms of obesity were abated.
The TCA cycle homeostasis is an important index for evaluating
mitochondrial function. To further verify the effect of n-3 PUFAs on
mitochondrial function, we ﬁrst detected the transcription and protein
expression levels of TCA cycle-related enzymes in the liver. Fig. 2A–C
shows that compared with that in the Con group, the expressions of
IDH1, IDH2, OGDH, SCS, SDHA, FH and MDH2 in the HFD and SO groups
were signiﬁcantly increased. Furthermore, the protein expression
levels of CS, IDH1, IDH2, SDHA, FH and MDH2 in the FO group were
signiﬁcantly lower than those in the HFD and SO groups. This result
indicates that the high dose of n-3 PUFAs could reduce the overexpressions of TCA cycle-related enzymes in vivo. There was no
signiﬁcant difference in the transcriptional level of TCA cycle-related
enzymes among all groups; only the IDH2 mRNA level in the HFD and
SO groups was signiﬁcantly higher than that in the Con and FO groups
(Fig. 2D, E). The downregulation of IDH2 expression and transcription
levels suggested that α-KG production might be decreased.
We also detected the expression level of complexes on the
mitochondrial respiratory electron transport chain. As shown in
Fig. 2 F and G, the expression levels of complex I and III in the FO group
were signiﬁcantly lower than those in the HFD and SO groups, but
there was no signiﬁcant difference in the expression levels of other

Fig. 3. Effect of DHA in cell viability and on PA-induced insulin resistance in HepG2 cells. Cell viability was determined by MTT assay (A). The levels of AKT and p-AKT proteins are shown
in (B) (western blot image) and (C) (statistical results). In (B), HepG2 cells were treated with DHA (50 μM), PA (600 μM) or DHA (50 μM) + PA (600 μM) for 24 h. Values are shown as
the mean±S.E.M. (n=5). In (A), *P<.05, **P<.01 vs. the 0 group.

?0,0,0,0,0,1,0,0,0,0,5;0b7]Fig. 4. Effects of DHA on oxygen consumption rate and glycolysis in PA-induced HepG2 cells. (A, C) show the oxygen consumption rate of the cells. (B, D) show extracellular acidiﬁcation rate of the cells. Con, HepG2
cells were treated with H-DMEM+10%FBS; PA, HepG2 cells were exposed to PA (600 μM) for 24 h; and DHA + PA, HepG2 cells were pretreated with DHA (50 μM) and PA (600 μM) for 24 h. Values are shown as the mean±S.E.M. (n=3);
*P<.05, **P<.01 vs. the PA group.
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complex proteins. We speculated that n-3 PUFAs might affect the
function of mitochondria by improving TCA cycle homeostasis to
alleviate metabolic syndrome.

restored. Similarly, mitochondrial glycolytic capacity, which was
destroyed by 600 μM PA, was also increased by DHA. (See Fig. 4.)
3.4. Effects of DHA on the TCA cycle enzymes in HepG2 cells

3.2. Effects of DHA on PA-induced insulin resistance in HepG2 cells
After 24 h of treatment, a low concentration of DHA had no
signiﬁcant effect on HepG2 cell viability (Fig. 3A). However, at
concentrations greater than 100 μM, DHA signiﬁcantly reduced cell
viability and caused cell damage. PA (600 μM) signiﬁcantly reduced the
expression level of p-Akt (S473) in HepG2 cells, which proves that the
insulin resistance model was successfully established (Supplemental
Fig. 1A). Incubation with 50 μM DHA and 600 μM PA signiﬁcantly
increased the phosphorylation level of the S473 site in AKT (Fig. 3B, C).
This result indicates that 50 μM DHA alleviates the damage to the insulin
signaling pathway induced by PA in HepG2 cells.

3.3. Effects of DHA on PA-induced mitochondrial dysfunction in HepG2 cells
To further understand the effect of DHA on mitochondrial function in
HepG2 cells, the oxygen consumption rate (OCR) and extracellular
acidiﬁcation rate (ECAR) were measured by using a Seahorse XF-24
extracellular ﬂux analyzer. As shown in Fig. 4A and C, OCR, ATP
production, basal respiration, maximal respiration and proton leakage
of HepG2 cells treated with 600 μM PA were decreased signiﬁcantly;
however, with 50 μM DHA treatment the four indexes were signiﬁcantly

We explored the effect of different concentrations of DHA on the
TCA cycle homeostasis in a high-fat diet-insulin resistance model in
vitro. By analyzing the results at the transcriptional level (Fig. 5A, B),
we found that PA up-regulated the mRNA expression of IDH2 and
OGDH. After high-dose DHA treatment, CS, IDH2, OGDH, SCS, SDHA,
SDHB and FH mRNA levels were signiﬁcantly rescued. As shown in Fig.
5C–E, the protein levels of CS, IDH1, IDH2, SDHA, SDHB and MDH2
were signiﬁcantly increased in the PA group, and after DHA treatment,
the protein expressions of IDH1, IDH2, SDHB and MDH2 were restored.
Our results reveal that PA induced insulin resistance and affected the
translation and transcription of key enzymes in the TCA cycle, whereas
high-dose DHA treatment inhibited this effect.
3.5. Effects of DHA on the protein expression of the mTOR pathway in
HepG2 cells
In a previous study, we found that n-3 PUFAs inhibited the mTOR
pathway in mice, so we investigated the molecular mechanism in
HepG2 cells [34]. First, we found that the expressions of p-mTOR, Raptor
and p70S6K were signiﬁcantly increased by PA treatment. With 50 μM
DHA treatment, the expressions of p-mTOR and Raptor were decreased,
but there was no signiﬁcant difference in p-4E-BP1 levels among all

Fig. 5. Effects of DHA on the TCA cycle in HepG2 cells. The mRNA levels of TCA cycle-related genes are shown (A, B). The levels of TCA cycle signaling proteins are shown in (C) (western
blot image) and (D, E) (statistical results). HepG2 cells were treated with PA (600 μM) or DHA + PA (600 μM) for 24 h. Values are shown as the mean±S.E.M. (n=3); *P<.05, **P<.01 vs.
the PA group.
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groups (Fig. 6A, B). However, the expression of p-S6 decreased
signiﬁcantly in the in vitro PA-induced insulin resistance model. To
further explore the relationship between the mTORC1 pathway and the
TCA cycle, we treated HepG2 cells with different concentrations of
rapamycin. The observed decline in p-mTOR, Raptor and p-S6 protein
levels (Fig. 7B) proved that rapamycin effectively inhibited the mTORC1
pathway. Then, we detected the expression levels of proteins in the TCA
cycle and found that rapamycin, similar to DHA, signiﬁcantly reduced
IDH2 and SDHB expression levels (Fig. 7C–E).
4. Discussion
To explore the molecular mechanism by which n-3 PUFAs prevent
obesity, we fed mice with ﬁsh oil for 12 weeks and observed a signiﬁcant
decrease in body weight and epididymal fat mass. In contrast, safﬂower
oil (n-6 PUFAs) did not have a similar effect as ﬁsh oil. N-6 PUFAs could
be converted into n-3 PUFAs in fat-1 mice [35]. In normal mice and fat-1
mice fed a 60% HFD for 10 weeks, glucose intolerance, insulin resistance,
lipid accumulation and macrophage inﬁltration are present in the liver
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and adipose tissue of normal mice but not fat-1 mice [36]. In addition,
studies have shown that insulin secretion is increased and the ability to
inhibit insulin resistance is enhanced in fat-1 mice [37,38].
Recent studies revealed that supplementation with DPA and DHA
both prevented the decreased serum adiponectin levels, compared with
EPA and the high-fat diet [39]. And DHA compared with EPA led to more
pronounced reductions in triglycerides and the cholesterol [40]. So we
chose DHA in vitro experiment and our results show that DHA
signiﬁcantly up-regulates p-AKT (S473) expression, indicating that
DHA improves insulin resistance caused by PA in HepG2 cells. Similarly,
other research has proven that 30 μM DHA prevented inﬂammation and
insulin resistance caused by PA, reduced mRNA levels of IL-6 and TNF-α,
and inhibited the phosphorylation of JNK and p-38 in C2C12 myotube
cells [41]. In addition, we found that 50 μM DHA treatment improved
the reduction in mitochondrial OCR, ATP production, basal respiration,
maximal respiration, proton leak and glycolytic ability caused by PA.
N-3 PUFAs have been shown to signiﬁcantly induce metabolic gene
expression as well as oxidative metabolism, glycolysis, and metabolic
rate and increase mitochondrial content in muscle cells [42]. EPA and

Fig. 6. Effects of DHA on the protein expression of the mTOR pathway in HepG2 cells. (A) represents western blot image and (B) shows the statistical analysis. HepG2 cells were treated
with PA (600 μM) or DHA + PA (600 μM) for 24 h. Values are shown as the mean±S.E.M. (n=3); *P<.05, **P<.01 vs. the PA group.

Fig. 7. Effects of rapamycin on the protein expression of the mTOR pathway and TCA cycle in HepG2 cells. (A, C) show western blot image and (B, D and E) are statistical analyses. Values are shown as the mean±S.E.M. (n=3); *P<.05, **P<.01
vs. the 0 group.
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DHA have emerged as better candidates than ALA to improve fatty acid
metabolism in skeletal muscle cells, notably via their ability to increase
mitochondrial β-oxidation [43].
The TCA cycle is the end of fat oxidation and the main source of
respiratory electrons. A previous study showed that lipid accumulation, the loss of insulin activity and dysfunctional mitochondrial
respiration result in elevated TCA cycle ﬂux in HFD mouse livers after
32 weeks of feeding [44]. In addition, it has also been demonstrated by
C13-lactate/C13-pyruvate tracers that a HFD increased the TCA cycle
capacity and that this increase is MPC dependent [45]. It has reported
that pyruvate carboxylase maintains hepatic TCA cycle function and
gluconeogenesis and moderates oxidative stress during obesity by
maintaining NADPH and glutathione [46]. HFD increased hepatic
mitochondrial pyruvate utilization and TCA cycle capacity in an
mitochondrial pyruvate carrier-dependent manner [45]. Coincidently,
we observed that insulin resistance, fat accumulation and mitochondrial dysfunction induced by HFD were improved by n-3 PUFAs [34]. In
both the liver and HepG2 cells, we found that the transcription and
translation of some key enzymes in the TCA cycle, especially IDH1,
IDH2, SDHA and SDHB, were increased by the high-fats. In fact, the
intake of n-3 PUFAs ameliorated insulin resistance and mitochondrial
dysfunction to restore TCA cycle-associated protein expressions. N-6
PUFAs has similar effect with high fat on leading to obesity and TCA
cycle disorder, rather than n-3 PUFAs. As previously reported, thymol
is the main component of thyme and can reduce body weight, plasma
insulin and blood sugar in type-2 diabetes. Thymol has been shown to
signiﬁcantly reduce LDH activity in the gastrocnemius muscle of rats
and C2C12 cells but to increase succinate dehydrogenase and
hexokinase activity [48]. The TCA cycle may be a potential target for
mitochondrial nutrition to improve insulin sensitivity.
Similar to the in vivo experimental results in a previous study [34],
DHA inhibited the expression of p-mTOR and Raptor in HepG2 cells.
mTORC1 and p70S6K1 are both involved in obesity-related insulin
resistance. Recently, it has been proven that S6K1 inhibitors can improve
insulin sensitivity, increase glucose metabolism, reduce complex I activity,
and affect glutamate metabolism in muscle and liver cells [49]. Qiao et al.
[50] found that bergenin can reduce oxidative stress and inhibit glucoseinduced extracellular matrix production in glomerular mesangial cells
through the mTOR/β-Trcp/Nrf2 pathway and may be a candidate drug for
the prevention and treatment of diabetic nephropathy. Recently, studies
have shown a close relationship between mTOR and the TCA cycle
[51–53]. After rapamycin treatment for 20 weeks, oxygen consumption
and ketogenesis were increased and insulin sensitivity was enhanced in
mice, consistent with life extension previously observed [54]. In this
study, we found that rapamycin signiﬁcantly inhibited the expression of
IDH2 and SDHB. Other studies have proven that rapamycin improved
metabolic status and cardiac function with a reduction in infarct size
following myocardial I/R injury in diabetic mice or db/db mice, suggesting
that mTORC1 inhibitors are a potential therapeutic approach for diabetic
heart disease [55,56]. Additionally, Nistala et al. [57] found that rapamycin
and metformin improved proteinuria, and rapamycin also reduced
urinary γ glutamyl transferase, indicating an improvement in tubular
health. However, mTOR overexpression can reduce the effect of obesity
induced by a high-fat diet on the heart in obese mice [58]. Therefore, more
in-depth research is needed to explain these contradictory research
results.
In conclusion, our results demonstrate that n-3 PUFAs may
alleviate obesity by affecting mitochondrial function and restoring
TCA cycle homeostasis, especially the transcription and translation of
CS, IDH1, IDH2, SDHA, SDHB, FH and MDH2. Moreover, DHA improves
insulin resistance, mitochondrial oxygen consumption rate and
glycolysis by decreasing the expression of proteins in the mTORC1
signaling pathway in HepG2 cells. This study provides a theoretical
understanding that n-3 PUFAs improve TCA cycle homeostasis to
alleviate the occurrence and development of obesity.
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