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Abstract 

Background:  The ketogenic diet (KD) can promote the anti-inflammatory metabolic state and increase ketone body 
level in rats. This study was to explore the effects and differences of KD with or without medium-chain fatty acids 
(MCFAs) on serum inflammatory factors and mTOR pathway in Sprague–Dawley (SD) rats.

Results:  Male SD rats were assigned to five groups: control diet (C), 20% caloric restriction diet (LC), 20% caloric 
restriction ketogenic diet (containing MCFAs) (LCKD1), 20% caloric restriction ketogenic diet (LCKD2) and 20% caloric 
restriction foreign ketogenic diet (LCKD3), and fed for 30 d. LC and KD could significantly reduce the body weight of 
rats; LC and KD containing MCFAs showed anti-inflammatory effects; KD without MCFAs decreased the concentration 
of mTOR1, while KD containing MCFAs decreased the expression of AMPK, mtor1 and P70sk.

Conclusions:  KD containing MCFAs showed better effects on the mTOR pathway and anti-inflammation than that 
without MCFAs.
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Background
Ketogenic diet (KD) is a special diet formula that con-
sists of high fat, appropriate protein, low carbohydrate 
and appropriate other nutritional elements [1–3]. As a 
special diet, it can improve the incidence of epilepsy. 
It uses fat instead of glucose as the energy source to 
increase the efficiency of ketone production and pro-
tects nerves from damage. The KD mimics a hungry 
state, but with different metabolic patterns. Under nor-
mal conditions, the body’s energy supply mainly comes 
from glucose oxidative phosphorylation pathway, but 
when the carbohydrate intake was insufficient (such 

as hunger, high fat diet), fat metabolism becomes the 
main energy source. In the process of fat metabolism, 
fatty acids are first β-oxidized into ketones in the liver, 
producing multiple metabolites including acetoace-
tate (acetoacetate), β-hydroxy butyric acid (β-hydroxy 
butyrate) and pyruvate (acetone), which are then trans-
ported to tissues and organs used as energy source 
when lack of glucose. Since the main energy-supplying 
substances are changed from carbohydrates to fats, the 
KD induces physiological ketonemia in the body [4], 
which may improve the incidence of epilepsy.

The KD treatment can be traced back to 1921, when 
Dr. Wilder of the Mayo Clinic applied KD in the treat-
ment of intractable epilepsy in children [5]. Since then, 
a number of large-scale follow-up studies have been 
carried out, which have confirmed that KD has a good 
therapeutic effect on epilepsy [6–8]. In recent decades, 
KD has once again attracted much attention due to its 
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potential application in metabolic defect diseases, for 
instance, pyruvate dehydrogenase, psychiatric illnesses 
such as bipolar disorder, depression, neural degenera-
tive diseases such as Parkinson’s and Alzheimer’s dis-
ease, malignant tumors such as prostate cancer, etc. [9].

KD using medium-chain triglycerides (MCT) instead 
of fat sources was introduced in the 1970s [10]. It only 
provides about 45% of dietary energy when compared 
with the classic KD [11]. MCT are directly absorbed 
from the portal vein in the form of free fatty acids, 
thus they reach the liver faster than long-chain fatty 
acids (LCT, 14 carbon) that are absorbed from the 
small intestine and the lymphatic system. Besides, the 
β-oxidation of MCT in the liver is rapid because it does 
not need to be activated by coenzyme A, making MCT 
a good ketogenic substrate. MCT KD is widely used 
in the treatment of drug-resistant epilepsy worldwide, 
mainly in children [12], but also in adults. Additionally, 
several studies have observed direct actions on seizure 
activity and mitochondrial function when medium-
chain fatty acids (MCFAs) were provided in the MCT 
KD [13–15].

mTOR, a member of the phosphatidyl-inositol kinase-
related protein kinase family, is an important regulator 
for the nutrients availability in mammals, and is a key 
mediator of cell growth mechanism signaled by insu-
lin, insulin-like growth factor 1 and other growth-factor 
signals [16, 17]. mTOR could be activated by phospho-
inositide-3 kinase (pi3k)/Akt signal in the presence of 
nutrients and growth factors, yet could be inhibited by 
AMP-activated protein kinase (AMPK) in the absence of 
energy. mTOR is the key node to control cell growth and 
proliferation by regulating the translation of S6Ks and 
4e-bp1 [18]. Recent studies showed that activation phos-
phorylation of S6K and inactivation phosphorylation of 
4E-BP1 were related to PI3K-induced tumorigenesis [19]. 
Therefore, mTOR signaling pathway could be a suitable 
candidate for understanding the mechanism of KD mod-
ulation, due to its ability to integrate nutrient and energy 
signals.

The aim of the present study was to explore the effects 
of KD on serum hormones, ketone bodies, blood sugar, 
inflammatory factors and mTOR signaling pathways in 
rat fed with ketogenic diet containing MCFAs.

Materials and methods
Treatment of animals
All experiments were approved by the Animal Care 
Committee of the laboratory Animal Center of South 
China Agricultural University, Guangzhou. During 7 days 
of adaptive feeding period, adult male Sprague–Dawley 
rats (SYXK2014-0136) weighing 140–160 g, were housed 
under controlled conditions (12  h light/dark cycle, 

22 ± 0.5 °C and 50–60% relative humidity), and fed with a 
rodent chow and tap water ad libitum. Then the rats were 
randomly divided into five groups with ten animals in 
each group (C: Control diet; LC: 20% caloric restriction 
diet; LCKD1: 20% caloric restriction ketogenic diet (fat: 
protein + carbohydrate = 4:1, containing 30% MCFA of 
total fat); LCKD2: 20% caloric restriction ketogenic diet, 
fat: protein + carbohydrate = 4:1; LCKD3: 20% caloric 
restriction foreign ketogenic diet, fat: protein + carbohy-
drate = 4:1) (KD1 and KD2 were provided by Guangzhou 
ketone Co. Ltd; KD3 were bought from NUTRICIA, 
France) (the daily intake of LC, LCKD1, LCKD2 and 
LCKD3 groups was adjusted to 80% of control group). 
The rats were weighed every 5 days, and before the suba-
cute experiment at 30 days, they were fasted for 12 h, and 
then killed by cervical dislocation. Serums were obtained 
by centrifuging the blood samples at 845  g at 4  °C for 
15 min, and then stored at − 80 °C until use. The livers, 
kidneys and testes were carefully separated with oph-
thalmic tweezers and surgical scissors. Adipose tissue 
and connective tissue around the organs were removed 
as much as possible. After separation, the livers, kidneys 
and testes were, respectively, washed with pre-cooled 
saline, and then weighed after suction with absorbent 
paper. Low temperature was maintained throughout the 
dissection. The organ coefficient was expressed as the 
ratio of organ weight (g) to body weight (g). All animal 
procedures were performed according to the guidelines 
from Directive 2010/63/EU of the European Parliament 
and the National Institutes of Health with the purpose of 
protection of animals used for scientific purposes.

Detection of blood ketone
D-3-Hydroxybutyric acid in blood was catalyzed 
to acetoacetic acid by D-3-hydroxybutyric acid 
dehydrogenase, immobilized on the surface of the test 
strip, during which NAD was reduced to NADH. A 
constant working voltage applied to the test strip oxidized 
NADH to NAD, resulting in an oxidation current. The 
magnitude of the oxidation current was proportional 
to the concentration of D-3-hydroxybutyric acid, so the 
content of D-3-hydroxybutyric acid can be calculated 
according to the magnitude of oxidation current in the 
tester.

Determination of serum hormone, blood sugar and serum 
inflammatory factors levels
Concentrations of insulin, adiponectin, blood sugar, 
hs-CPR, TNF-α, IL-6, and ENA-78 were determined 
by ELISA kits from Jiang Lai (Shanghai, China) using 
double antibody sandwich assay, according to the 
manufacturer’s instructions. During the determination, 
the purified rat antibody (insulin, adiponectin, blood 
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sugar, hs-CPR, TNF-α, IL-6, and ENA-78, individually 
in the kit) on the surface of the solid carrier only reacted 
with the corresponding antibody in the sample (insulin, 
adiponectin, blood sugar, hs-CPR, TNF-α, IL-6, and 
ENA-78). After adding enzyme-labeled antigen or 
antibody, the substrate was catalyzed by enzyme to a 
colored product. The sample content was directly related 
to the amount of the substance tested in the standard. 
The concentrations of insulin, adiponectin, blood sugar, 
hs-CPR, TNF-α, IL-6, and ENA-78 in the samples were 
then calculated by comparing the O.D. to the standard 
curve.

Determination of serum mTOR signaling pathway
Concentrations of serum AMPK, mTOR, mTOR1, 
Pi3K, p70sk, 4e-bp, Beclin-1 and LC-3 were determined 
by using ELISA kits from Jiang Lai (Shanghai, China) 
according to the manufacturer’s instructions. The test 
method is the same as 2.3.

Statistical analysis
The SPSS (version 20.0) with one-way variance analy-
sis was employed for statistical analysis of the results 
comparison among different groups. P < 0.05 was con-
sidered as statistical difference.

Result
Effect of ketogenic diet on weight and serum hormone 
in rats
All groups gained body weight during the study period. 
The lowest weight gain was observed in LCKD1 group 
from day 11 to 30 (P < 0.05; Fig.  1c), and the high-
est weight gain was presented in control group from 
day 2 to 30 (P < 0.05; Fig.  1c). During day 8 to 17, LC 
group exhibited a higher weight gain than LCKD1, 
LCKD2 and LCKD3 (P < 0.05; Fig. 1c), but LCKD2 and 
LCKD3 did not significantly differ with LC from day 18 
(P > 0.05; Fig. 1c).

Fig. 1  Comparison of body weight, insulin and adiponectin levels in the rat serum in different groups. a The levels of insulin; b the levels of 
adiponectin; c body weight of the rats. Data are given as means ± SD. Asterisks (*) represent significant differences from the control group (* 
P < 0.05); octothorpe (#) represents significant differences from the LC group (# P < 0.05); ampersand (&) represents significant differences from the 
LCKD1 group (& P < 0.05)
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Insulin and adiponectin levels in serum were deter-
mined in order to investigate the effects on serum hor-
mones treated by ketogenic diet and medium-chain 
fatty acids. As shown in Fig. 1, insulin was not affected 
by ketogenic diet and medium-chain fatty acids diet 
(P > 0.05; Fig. 1a). While compared with control group, 
LC, LCKD2 and LCKD3 groups increased the levels of 
adiponectin (P < 0.05; Fig.  1b), and the adiponectin in 
LCKD3 group was higher than that in LCKD1 group 
(P < 0.05; Fig. 1b).

Effect of ketogenic diet on blood sugar and blood ketone 
in rats
The effects of ketogenic diet and medium-chain fatty 
acids on blood sugar and blood ketone levels were 
explored by measuring the serum hormones. As shown 
in Fig. 2, LCKD3 showed higher blood sugar than control 
group (P < 0.05; Fig.  2a). LCKD1, LCKD2 and LCKD3 
significantly increased blood ketone, and LCKD3 was 
higher in blood ketone than LCKD1 (P < 0.05; Fig. 2b).

Effect of ketogenic diet on serum inflammatory factors 
in rats
As shown in Fig.  3, TNF-α level was decreased in LC 
and LCKD1 groups (P < 0.05; Fig. 3a), and it was higher 
in LCKD2 and LCKD3 than that in LCKD1 (P < 0.05; 
Fig.  3a). For hs-CPR content, it was higher in LCKD3 
than that in LCKD1 (P < 0.05; Fig. 3c). And ENA-78 was 
increased in LC when compared with control group 
(P < 0.05; Fig.  3d). There was no obvious difference in 
IL-6 levels among the groups (P > 0.05; Fig. 3b).

Effect of ketogenic diet on mTOR signaling pathway in rats
Effect of ketogenic diet on upstream signaling pathway 
of serum mTOR in rats
AMPK and Pi3K as affected by KD and MCT are shown 
in Fig. 4, serum AMPK levels were significantly higher in 
the LCKD2 and LCKD3 groups compared with LCKD1 
group (P < 0.05; Fig.  4a), and serum AMPK levels were 
significantly lower in LCKD1 compared with C and LC 
groups (P < 0.01; Fig.  4a). But LCKD1 group showed 
higher serum Pi3K content when compared with LC 
group (P < 0.05; Fig. 4b).

Effect of ketogenic diet on serum mTOR and mTOR1 in rats
The serum mTOR and mTOR1 were measured at the end 
of treatments. As shown in Fig.  5, serum mTOR1 was 
significantly lower in LCKD1 and LCKD2 groups when 
compared with LC group (P < 0.05; Fig.  5b). But similar 
serum mTOR content was found in all the treatment 
groups (P > 0.05; Fig. 5a).

Effect of ketogenic diet on downstream signaling pathway 
of serum mTOR and serum phagocytosis factor in rats
The changes of downstream signaling pathway of serum 
mTOR and serum phagocytosis factor, as represented 
by P70sk, 4e-bp, beclin-1 and LC-3, are shown in Fig. 6. 
Serum P70sk was significantly higher in LCKD1 than 
that in C, LC and LCKD3 groups (P < 0.05; Fig.  6a). 
And serum beclin-1 in LCKD3 was higher than that 
in LCKD1 and LCKD2 groups (P < 0.05; Fig.  6c). How-
ever, the 4e-bp and LC-3 were at same level in all groups 
(P > 0.05; Fig. 6b, d).

Fig. 2  Comparison of blood sugar and blood ketone levels in the rat serum in different groups. a The levels of blood sugar; b the levels of blood 
sugar. Data are given as means ± SD. Asterisks (*) represent significant differences from the control group (* P < 0.05; ** P < 0.01); octothorpe (#) 
represents significant differences from the LC group (## P < 0.01); ampersand (&) represents significant differences from the LCKD1 group (& P < 0.05)
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Discussion
It is obvious from Fig.  1 that restriction diet and KD 
reduced the weight of rats. The finding was in accord 
with other studies, which found that rats in KD group 

consumed more calories than control group and distinct 
weight loss was observed after 1 week of KD administra-
tion [20]. Interestingly, compared with LC, significant 
weight loss was detected in LCKD2 and LCKD3 groups 

Fig. 3  Comparison of TNF-α, IL-6, hs-CPR and ENA-78 levels in the rat serum in different groups. a The levels of TNF-α; b the levels of IL-6; c the levels 
of hs-CPR; d the levels of ENA-78. Data are given as means ± SD. Asterisks (*) represent significant differences from the control group (* P < 0.05); 
ampersand (&) represents significant differences from the LCKD1 group (& P < 0.05)
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at 8–17 days, but the difference among the three groups 
was gradually decreased during the subsequent experi-
mental period, which indicated that KD was effective on 
body weight in the early period, but the effect was slowly 
decreased in the later period. Notably, LCKD1 signifi-
cantly reduced the weight of rats throughout the whole 
experiment. The only difference in feed composition of 
LCKD1 and LCKD2 were the MCFAs; therefore, the bet-
ter effect on weight loss of LCKD1 can be attributed to 
medium-chain fatty acids, which was also confirmed by 
many researchers [21–23].

In order to reveal the mechanism of the difference on 
weight loss in rats treated by KD and MCFAs, blood bio-
chemical parameters were determined. It can be seen 
from Fig. 1 that insulin levels were similar in all groups, 
whereas LC and KD significantly increased adiponectin. 
The results were consistent with previous study, which 
found the level of adiponectin was elevated under the 
stimulation of KD [24]. However, LCKD1 (containing 
MCFAs) had the opposite effect, suggesting that MCFAs 
could counteract the KD effect on adiponectin. This 
phenomenon was possibly because MCFAs were easier 
to oxidize and metabolize than long-chain fatty acids 
(LCFAs).

It is well known that ketogenic diet contains high fat, 
which can produce a large number of ketones. Unsurpris-
ingly, the evident increase in blood ketone was observed 
in KD groups. Previous studies found that during the 
ketogenic period, subjects reported less hunger, but one 
of the putative causes of hunger may be due—together 
with other causes—to adiponectin [25–27]. Adiponectin 
was proved to be related to the hunger sensation, when 
it was bound to its receptor AdipoR1, AMP-activated 
protein kinase (AMPK) would be phosphorylated in 
the ARC of the hypothalamus [28]. LCKD1 (containing 
MCFAs) did not cause significant changes on adiponec-
tin, as reported by another study [29], and they had the 
highest weight loss in rats at the end of the experiment. 
Previous studies from our group showed that a MCFAs-
rich diet led to a substantially greater increase in mark-
ers of mitochondrial content than LCFAs, and prevented 
the lipid accumulation and insulin resistance in this tis-
sue [30]. Some studies reported that compared with LCT, 
MCT could increase energy expenditure and hepatic 
fatty acid oxidation in rats and humans [31–33]. Some 
results also showed that the oxidation and synthesis of 
fatty acids in rat white adipose tissue (WAT) were differ-
ent when MCT and LCT were ingested [34]. Hormone-
sensitive lipase (HSL), considered as a potential target 
for the treatment of lipid disorders and obesity [35, 36], 
was believed to be the major enzyme responsible for the 
hydrolysis of stored triglycerides in adipose tissue. And 
some authors suggested that HSL, together with other 

yet unidentified lipases, may manipulate the mobiliza-
tion of fatty acids in adipocytes. Thus, like HLS-cAMP, 
LCKD1 (containing MCFAs) may affect the weight of rats 
through other ways [37].

In order to investigate the effects on inflammatory fac-
tors as treated by MCFAs and KD, we determined the 
TNF-α, hs-CPR, ENA-78 and IL-6 content in serum. 
Among them, the changes of TNF-α were relatively 
higher, which indicated MCFAs had some effects on 
TNF-α. Similar results were reported before, which found 
that MCT could improve the inflammatory response of 
the small intestine after replacing some enteric prepara-
tions of n-6 fatty acids [38], and a putative receptor for 
MCFAs, G protein-coupled receptor 84 (GPR84, could 
influence the TNF-α levels [39].

Then we explored the aging-related pathway (TOR 
pathway). The LCKD1 group remarkably reduced the 
AMPK levels when compared with the other four groups, 
showing that MCFAs may affect the AMPK. Previous 
study proved that MCFAs could activate cAMP-depend-
ent protein kinase (PKA) through HSL [37]. And because 
of the well-known relations between AMP/ATP and 
AMPK [40], it can be surmised that LCKD1 (containing 
MCFAs) might have an impact through AMP/ATP and 
AMPK pathway. Similarly, because TNF-1α was found to 
be closely related to the inhibition of PI3K/Akt pathway, 
and MCFAs might activate PI3k pathway in cells [41], it 
was speculated that MCFAs could affect PI3K through 
TNF-α pathway.

Because the upstream pathway of mTOR was inhib-
ited by KD and MCFAs, we determined the content of 
mTOR. The results showed that LCKD1 and LCKD2 
groups reduced the mTOR1 level when compared with 
LC group. Many dietary interventions known to extend 
or modulate lifespan have been shown to be mediated, 
at least partially, by decreased mTORC1 activity [42], 
and one of the dietary interventions was KDs [43]. The 
effect of LCKD1 on mTOR was more obvious than that 
of LCKD2, which indicated a satisfying effect of MCFAs 
on mTORC1. LCKD1 also resulted in the reduction of 
the P70sk concentration in the downstream pathway of 
mTOR, suggesting that KD with MCFAs had an obvious 
effect on mTOR pathway.

As an effective treatment for intractable epilepsy, KD 
has not only traditional anticonvulsant effects, but also 
disease-modifying and antiepileptogenic properties in 
humans and animal models [18]. Rapamycin, an mTOR 
inhibitor, could prevent the development of epilepsy and 
the underlying pathophysiological mechanisms lead-
ing to epilepsy [43, 44]. Many studies reported that KD 
inhibited mTOR signaling pathway, but different compo-
nents of KD caused different results [18]. We found that 
LCKD2 affected mTORC1 and its upstream pathway, 
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but there was no significant change in the downstream, 
which was presumably caused by the KD composi-
tion and other experimental conditions such as rat size, 
location, etc. At the same time, there were no obvious 
changes in LC group in this experiment, probably due to 
the limited energy of only 20%.

Conclusions
To summarize, KD and LC were effective in causing the 
weight loss of tested rats. KD without MCFAs could 
increase the content of ketone and adiponectin, and then 
affect the body weight, but little effect was detected on 
mTOR signaling pathway. With the addition MCFAs, 
however, it could not only increase the content of ketone 
in blood, reduce the inflammatory factor TNF-alpha, but 
also inhibit the mTOR pathway.
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