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High-intensity interval training or lactate 
administration combined with aerobic training 
enhances visceral fat loss while promoting VMH 
neuroplasticity in female rats
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Abstract 

Background High-intensity interval training (HIT) does not burn fat during exercise. However, it significantly reduces 
visceral adipose after long-term training. The underlying mechanism may be related to the elevation of fat consump-
tion during the post-exercise recovery period, which is regulated by the hypothalamus–adipose axis. Lactate is a hall-
mark metabolite of high-intensity exercise, which could mediate significant neuroplasticity through the brain-derived 
neurotrophic factor (BDNF) pathway. However, whether HIT could enhance hypothalamus activity and adipose 
catabolism in the recovery period remains to be elucidated. Also, it is worth exploring whether adding lactate admin-
istration to prolonged, continuous submaximal aerobic training (AT) could simulate HIT-induced neuroplastic effects 
and fat loss.

Methods First, we compared the influence of 4-week HIT and aerobic training (AT) on the electrophysiol-
ogy of the ventromedial hypothalamus (VMH), which is deeply involved in the regulation of lipolysis, as well 
as the 24-hour excess post-exercise oxygen consumption (EPOC), the fat oxidation rate and lipolysis. To further 
confirm whether excess lactate during AT could reproduce the effect of HIT, we also observed the effects of lactate 
infusion during AT (AT + Lac) on neuroplasticity and metabolism.

Results Four-week HIT induced higher BDNF expression and a higher neuronal spike firing rate in VMH than AT, 
accompanied by elevated EPOC, fat oxidation and visceral fat lipolysis. AT + Lac and HITT could induce similar hypo-
thalamic and metabolic changes. However, power spectral density analysis of local field potentials (LFPs) showed 
that the AT + Lac group was affected in fewer frequency bands than the HIT group.

Conclusion HIT-induced reduction of visceral fat was accompanied by increased VMH activity. Adding lactate admin-
istration to AT could partially reproduce hypothalamic plasticity and the metabolic effects of HIT. However, different 
band changes of LFPs implied that the neuronal subpopulations or pathways influenced by these two methods were 
not entirely consistent.
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Background
Central obesity, caused by the accumulation of visceral 
fat, leads to a variety of serious metabolic disorders. Die-
tary or medical interventions induce larger total-body fat 
loss; however, exercise has a more pronounced impact on 
visceral fat and brings higher health benefits [1]. Previ-
ously, the prevailing view was that moderate-intensity 
aerobic training (AT) has the highest fat-burning effi-
ciency since it is performed closest to the maximum fat 
oxidation intensity (FATmax) [2]. However, compared 
with AT, a growing body of evidence confirms that high-
intensity interval training (HIT) could induce a compara-
ble or even stronger effect on visceral fat loss, especially 
in studies involving obesity or female subjects [3], despite 
its reliance on glycolytic metabolism and the minuscule 
rate of fat oxidation during exercise [4].

The precise mechanism by which HIT could induce fat 
loss remained unclear. The prevailing speculation was 
that fat burning occurred post-exercise to meet recov-
ery needs after vigorous training [5]. In the immediate 
(0–1-hour) recovery period, studies suggested small dif-
ferences in EPOC between HIT and AT, while HIT could 
induce larger EPOC on a longer time scale (hours after 
exercise) [6]. The delayed component of EPOC is related 
to elevated lipid metabolism during the recovery period, 
and the sympathetic nervous system (SNS) and catecho-
lamine act as key regulators [7]. Adipose metabolism is 
finely regulated by a neuroendocrine network, with the 
hypothalamus-SNS-adrenergic receptor (AR) being the 
prime regulatory axis [8]. In female rats, lipid metabolism 
levels were relatively weak during the recovery period of 
AT [9]; however, our past work confirmed that HIT could 
cause long-term adaptation to visceral fat in female rats. 
Long-term HIT increased the protein expression and 
hormone sensitivity of adipocyte ARs, increasing lipase 
activation and lipolysis in the recovery period [10]. This 
implied that, as the more vigorous protocol, HIT could 
enhance post-exercise lipid metabolism in female rodents 
by enhancing the visceral adipose response to the ‘brain-
adipose’ axis. Unfortunately, it is still unclear whether 
organs upstream of the axis, especially the hypothalamus, 
also adapt significantly to HIT.

Due to its reliance on glycolysis, a significant feature of 
HIT is the generation of high levels of lactate. Lactate was 
once considered a waste product of anaerobic metabo-
lism, but the prevailing view now agrees that it is a linker 
between glycolysis and oxidative metabolism that plays 
the role of an energy source, gluconeogenic precursor 
and signalling molecule by shuttling among cells, tissues 
and organs [11–13]. During acute hard exercise, elevated 
blood lactate induces suppression of adipose lipoly-
sis through adipocyte receptor binding [14]. However, 
long-term lactate administration reduces adipose tissue 

inflammation and promotes thermogenesis [15, 16]. Lac-
tate has also been proven to mediate brain functional 
plasticity by increasing the protein expression of brain-
derived neurotrophic factor (BDNF) via several processes 
(e.g. synaptogenesis, neurogenesis and long-term poten-
tiation) [17]. An elevated blood lactate concentration, 
whether caused by exercise or lactate infusion, could 
cause several beneficial or detrimental changes in the 
motor cortex and hippocampus, suggesting that lactate 
is an important ‘stress’ or ‘exerkine’ for functional brain 
plasticity [18–20].

The hypothalamus is the primary centre of metabolic 
regulation, with several nuclei involved in controlling 
adipose catabolism [21]. Recent studies revealed that 
high expression of BDNF within the ventromedial hypo-
thalamic nucleus (VMH) enhanced the SNS output of 
lipolytic signalling [22]. BDNF could mediate long-term 
potentiation (LTP) by protein synthesis and neurogenic 
effects [23], which implies its ability to enhance lipolysis 
during recovery. As the correlation between lactate and 
BDNF is well established [23, 24], the high levels of lac-
tate produced during HIT may enhance VMH activity 
during recovery via the BNDF pathway. Unfortunately, 
few studies have observed the effects of HIT and lactate 
on hypothalamus function and the accompanying meta-
bolic changes.

In the present study, we hypothesised that HIT may 
enhance the electrical activity of VMH and visceral fat 
catabolism during recovery. Further, we hypothesised 
that adding lactate infusion to AT could reproduce simi-
lar neuroplasticity and fat loss effects to HIT. Female rats 
fed a high-fat diet (HFD) were involved to ensure lower 
post-exercise lipid metabolism and sufficient visceral fat 
accumulation in the animal model. As BDNF can medi-
ate neuroplasticity on time scales of hours to days by 
various mechanisms, the 4-week AT/HIT intervention 
was executed to ensure sufficient training adaptation 
[23]. Changes in neuron electrophysiological activity and 
BDNF expression in VMH, post-exercise (0–24 h) energy 
metabolism and lipolytic enzyme phosphorylation of vis-
ceral fat were observed. These data could help to explain 
the mechanisms of HIT-induced fat loss and might pro-
vide some evidence to confirm whether lactate is a poten-
tial monitoring indicator or nutritional supplement to 
enhance visceral fat loss in exercise.

Methods
Study design
This study included two parts (Exp. 1 and Exp. 2). The 
Ethics Committee of Hebei Normal University (No. 
LLSC2024070) gave ethics approval and consent to par-
ticipate in all experimental procedures. In our previous 
studies [3, 25, 26], HIT induced greater visceral fat loss 
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than AT in both women and female rats. Due to the sig-
nificant sexual dimorphism in fat distribution, female 
rats were involved as subjects to explore the role of the 
hypothalamus and lactate in visceral fat loss.

In Exp. 1, to compare the effects of HIT and AT on 
hypothalamic VMH, EPOC and visceral adipose, 24 rats 
were involved and divided into Control (C, n = 8), AT 
(n = 8) and HIT (n = 8) groups using computer-generated 
random numbers. Rats were fed adaptively for 8 weeks. 
Then, multichannel electrode implantation surgery of 
VMH was executed, and the rats were housed for one 
week to ensure their recovery. The 4-week AT/HIT train-
ing intervention was administered following the surgical 
week and 3-day adaptive training, while the C group was 
housed under sedentary conditions. Each training week 
consisted of 5 consecutive training days and 2 rest days 
(5 − 2 cycle). Open field tests (OFT) and post-exercise 
blood lactate tests were performed on the third training 
day of the second and fourth weeks. To avoid interfer-
ence from circadian rhythms between groups, training 
was performed at a fixed time (18:00–19:00). Long-range 
energy metabolism was tested on the fourth training day 
of the fourth week (20:00 to 19:00 of the next day). VMH 
electrophysiological tests were performed 11–12 h after 
the last training session (07:00–08:00), and the animals 
were sacrificed after anaesthesia (sodium pentobarbital, 
Solarbio, I. P. ) to collect tissue samples.

In Exp. 2, to verify whether separate blood lactate ele-
vation could induce neuroplasticity and fat loss similar to 
HIT, 24 rats were divided into Control (C, n = 8), AT with 
saline I.V. (AT + Saline I.V., n = 8) and AT with lactate 
I.V. (AT + Lac I.V., n = 8) groups. Animals were housed, 
trained and tested under the same conditions as in Exp. 
1, while the training groups received saline/sodium lac-
tate tail vein injections before each training session (see 
Fig. 1 for the procedural details).

Animals
Due to the distinct differences in fat distribution between 
the sexes, and to compare our previous study results, 

which involved all women or rodents [3, 25, 26], female 
Sprague‒Dawley rats (Changsheng Biotech, China) were 
selected. The rats were housed in a single cage (23 ± 2 °C, 
12-h light/12-h dark cycle, lights on 08:00–20:00) with 
a high-fat diet throughout all the experiments to ensure 
significant visceral accumulation. The feed formulations 
used were described in previous studies [26].

Multi‑channel electrode implantation surgery in VMH
The surgical procedure was performed as described in 
our previous study [26]. First, after being anaesthetized 
with 5% isoflurane (RWD, China), the animal was fixed 
on a brain stereotaxic apparatus (RWD, China) with 
continuous inhalation of 1.5% isoflurane. The ventrome-
dial hypothalamic nucleus (AP: −2.04 mm, ML: 0.4 mm, 
DV: 8.9  mm) was located with the bregma as the zero 
point, and the site was marked. The microelectrode was 
implanted at 50 μm/s, and the electrical signals were col-
lected via a multichannel electrophysiologic recorder 
(Blackrock Neurotech, USA). The implantation was ter-
minated until the signals were stable with a ≥ 3:1 signal-
to-noise ratio of neuronal firing. The surgical site was 
sealed with biological silicone and reinforced with dental 
cement. Dexamethasone was administered to mitigate 
postoperative complications, and a one-week rest period 
was carried out for postsurgery recovery.

Exercise protocol and lactate administration
Each training group was given AT or HIT 10° uphill 
treadmill running intervention for 4 weeks. One AT 
contained 45  min of continuous medium-speed run-
ning (approximately 60%  VO2max intensity), while each 
HIT contained numbers of one min high and two min 
medium-speed cycles. Running speeds were determined 
according to a graded incremental exercise test (GXT). 
The maximum running velocity of the HIT equaled the 
exhaustion speed (ES) of the last stage in the GXT and 
were adjusted at the end of the 2nd training week to 
match the increasing running capacity of the rats. To 
match the training volume, the number of HIT cycles 

Fig. 1 Main experimental procedures (figure generated by Figdraw2.0)
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was adjusted to ensure equal average distances between 
AT and HIT. The running speed of AT increased from 18 
to 20  m/min, and the maximum running speed of HIT 
increased from 28 to 34 m/min throughout the training 
period. More protocol details have been described in pre-
vious studies [10]. In Exp. 1, to identify training-induced 
lactate elevation, tail-tip blood was collected from rats 
immediately after exercise and tested with a Biosen 
C-Line lactate analyser (EKF, Germany). To compare the 
fatigue levels in HIT vs. AT, the OFT was performed 12 h 
after exercise, and the horizontal movement distance 
was calculated via the behavioral analysis software Smart 
3.0. In Exp. 2, to achieve high blood lactate concentra-
tions during AT, AT + Lac I.V. subjects received a tail vein 
injection of sodium L-lactate (Macklin, China; 0.15 g/kg 
for the 1st and 2nd weeks; 0.2  g/kg for the 3rd and 4th 
weeks) before each training session. Drug dosages were 
determined via a preexperiment with reference to a pre-
vious study [16]. With this dose, blood lactate concentra-
tions reached 8–10 mmol/L after 25 min of AT and were 
approximately 4–6 mmol/L at the end of AT.

Post‑exercise metabolism monitoring
Post-exercise metabolism was tested by an animal energy 
monitoring system (CLAMS, Columbus Instruments, 
USA). Due to the small difference between HIT and AT 
in the rapid phase (0–1 h) of EPOC and to avoid imme-
diate stress entering the monitoring compartment, the 
rats were put into the test room approximately 30  min 
after training, and post-exercise metabolism data (oxygen 
uptake and respiratory quotient, RQ) were collected only 
in the slow phase (1–24  h) of EPOC. The fat oxidation 
rate was calculated via the nonprotein respiratory quo-
tient (fat oxidation rate = 1.695 × VO₂ − 1.701 × VCO₂) 
expressed in g/hr [27, 28]. To avoid errors in resting met-
abolic rate changes due to circadian rhythms, all groups 
were tested during the same post-exercise period (20:00 
to 19:00 of the next day).

Serum and visceral adipose glycerol test
Serum and visceral adipose glycerol levels were used to 
represent lipolysis levels in the whole body and localized 
fat pads. The samples were tested via the enzyme-labelled 
microplate method via a glycerol assay kit (F005-1-1 for 
serum and F005-2-1 for adipose tissue; Jiancheng Bio-
engineering, China). Twenty samples were randomly 
selected and tested twice. The intragroup correlation 
coefficient (ICC) was calculated for quality control and 
was > 0.85 in both tissues.

Acquisition and analysis of VMH electrophysiological data
The acquisition/analysis methods for these experiments 
were described in our previous study [29]. Electrical 

signals from the VMH were collected 12 h after the last 
training by the CerePlex Direct multichannel electro-
physiological data acquisition system (Blackrock Neu-
rotech, USA). The sampling frequency was set at 2 kHz, 
with a low-pass filter at 250 Hz for data collection. After 
a 10-minute recording period, a 3-minute segment was 
randomly intercepted. The number of neuron action 
potentials (spike firing rate) and local field potentials 
(LFPs) were analysed by Neuro Explorer (v5.433). Fre-
quency bands were classified into delta (δ, 0.5–4  Hz), 
theta (θ, 4–8 Hz), alpha (α, 9–12 Hz), beta (β, 12–30 Hz), 
and gamma (γ, 30–100 Hz) bands.

Western blotting
Periuterine fat was collected to represent visceral fat. 
Adipose triglyceride lipase (ATGL) and hormone sensi-
tive lipase (HSL) are the most important rate-limiting 
enzymes for triglyceride hydrolysis. Since ATGL is influ-
enced by both SNS and other proteins such as compara-
tive gene identification-58 (CGI-58), while HSL activity is 
directly regulated by the SNS-cAMP-PKA pathway [30], 
the ser660 phosphorylation of hormone sensitive lipase 
(HSL, a key rate-limiting lipolyase) was selected to assess 
lipolysis. Adipose tissue samples were processed in a 
lysis mixture (Solarbio, China) containing a phosphatase 
inhibitor (Thermo Fisher Scientific, USA). The protein 
mixture was obtained through shearing, homogenization, 
ultrasonic disruption, and low-temperature centrifuga-
tion. The protein concentration was determined via a 
BCA kit (Solarbio, China). The target protein was sepa-
rated on a 10% SDS‒polyacrylamide gel and transferred 
to a PVDF membrane. After blocking, the membranes 
were sequentially incubated with primary antibody 
against HSL-ser660 (1:2000, Cell Signaling Technology, 
USA) and secondary antibody (1:10000, Solarbio, China). 
To observe the total amount of activated lipolyase, while 
similar AT/HIT could not alter the protein expression of 
HSL in our previous studies [25, 26], ser660 phosphoryla-
tion was normalized to that of β-actin. The protein bands 
were detected via the Fusion FX imaging system (VIL-
BER LOURMAT, France), and the optical densities were 
analyzed via Image J (v1.54 g).

Immunohistochemical (IHC) analysis of BDNF
After perfusion with saline, the brains were reperfused 
with 4% paraformaldehyde and fixed for 48 h. The fixed 
tissue was gradually dehydrated via a sucrose gradient, 
embedded in OCT and sectioned with a cryostat (Leica, 
Germany) at a thickness of 10  μm. After heating and 
blocking, the sections were incubated overnight with 
BDNF primary antibody (1:200, ET1606-42, HuaBio, 
China) and then incubated for 50  min with a second-
ary antibody (1:200, AS014, Abcam, UK). DAPI staining 
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was performed at room temperature for 4 min, followed 
by washing with PBS. Finally, the sections were mounted 
with anti-fade mounting medium, and the images were 
observed and captured via an upright microscope and 
panoramic tissue cell quantitative analyzer (Tissue Gnos-
tics, Vienna, Austria). The DAPI-stained nuclei appeared 
blue, while BDNF was visualized in red. The cell density 
was automatically determined via Image J (v1.54 g).

Statistical analyses
The data are presented as the means ± SDs and were ana-
lyzed via SPSS 25.0. Trends between groups over time 
were analyzed by repeated measures two-way ANOVA. 
A post hoc test was used for pairwise comparisons 
when a cross effect (time × group, P < 0.05) was found. 
Between-group differences on the same time transect 
were analyzed via one-way ANOVA. The sample size of 
the present experiment was eight, which is larger than 
the minimum sample size requirement in previous stud-
ies (n = 4, α = 0.05, power = 0.8) [26].

Results
Body weight, food intake, visceral fat, OFT and lactate 
changes during exp. 1
After 4 weeks of training, the body weight of the HIT 
group was significantly lower than that of the con-
trol group, while there was no significant difference 
between the AT and control groups (Fig.  2A, time × 
group P < 0.05). Although food intake varied among the 
groups during the training period (Fig. 2C, time × group 
P < 0.05), no difference in total food intake among the 
groups was found (Fig. 2D). The visceral fat mass of the 
HIT group was significantly lower than that of the AT 
and control groups (Fig.  2B). The immediate post-exer-
cise blood lactate level of the HIT group was approxi-
mately four times greater than that of the AT group at 
both the 2nd and 4th weeks (Fig. 2F). The OFT was per-
formed after the 2nd and 4th weeks of exercise, and the 
HIT group moved significantly shorter distances than the 
control and AT groups did, while no difference between 
the AT and control groups was found (Fig. 2E).

 Post‑exercise metabolic activity and lipase 
phosphorylation after 4 weeks of training in Exp. 1
After the 4-week intervention, a significant interac-
tion effect on oxygen uptake was detected between the 
groups (time × group, P < 0.05; Fig.  3A). HIT induced a 
1–12-hour and 12–24-hour increase in EPOC, which 
was significantly greater than that of AT at 1–12 h post-
training (P < 0.05, Fig.  3B‒D). Compared with AT and 
the control, HIT induced a greater whole-body fat oxida-
tion rate at 1–12 h post-training, whereas AT increased 
the total fat oxidation rate at 24  h (Fig.  3E‒H). The RQ 

of both training groups decreased and was lower in the 
HIT group than in the AT group at 5–7 h post-exercise. 
The RQ of both training groups decreased and was lower 
in the HIT group than in the AT group at 5–7  h post-
exercise. At the time at which the animals were sacri-
ficed (12th hour after the last training), the level of serum 
glycerol was lower in the AT group than in the training 
group, whereas the level of visceral fat glycerol was signif-
icantly greater in the training group (HIT > AT > Control, 
P < 0.05; Fig.  3J‒L). Additionally, HSL-ser660 phospho-
rylation levels were increased in both the HIT and AT 
groups (P < 0.05, Fig.  3L). In summary, these data sug-
gest that the pro-lipolysis and fat-oxidizing effects of HIT 
occur mainly within 1–12 h post-exercise, which mediate 
increased visceral (but not visceral) fat catabolism.

Group differences in VMH electrophysiology and BDNF 
expression in Exp. 1
At the end of Exp. 1, LFPs were significantly changed in 
both exercise groups. Similar to HSL, both training pro-
tocols increased the power spectral density of the δ, θ, α, 
β and γ bands (P < 0.05 or P < 0.01, Fig. 4C, D, E), whereas 
no difference between HIT and AT was found. However, 
the spike firing rate of HIT increased significantly (nearly 
4 times higher than that of the control/AT, Fig.  4A, B). 
Like Spike, HIT significantly elevated BDNF expres-
sion and the number of BDNF positive cells in the VMH 
(P < 0.01, Fig.  4F, G, H), suggesting that high-intensity 
exercise might increase the number of action potentials 
via BDNF induced neuroplasticity.

Body weight, food intake and visceral fat changes 
during exp. 2
In Exp. 2, lactate infusion prior to AT induced a signifi-
cant decrease in body weight (time × group, P < 0.05, 
AT + Lac I.V. vs. control, P < 0.05; Fig.  5A) and visceral 
fat mass (P < 0.05; Fig.  5B), which suggested that ele-
vated levels of isolated blood lactate could induce fat 
loss similar to HIT. In addition, lactate infusion induced 
a significant reduction in food intake, an effect that HIT 
did not have. Notably, unlike in Exp. 1, the 4-week AT 
in Exp. 2 did not significantly affect visceral fat mass or 
food intake, which may have been caused by the different 
growth curves of the animals in Exp. 1 and 2, which were 
not strictly executed at the same time.

 Post‑exercise metabolic activity and lipase 
phosphorylation after 4 weeks of training in Exp. 2
Post-training metabolic monitoring revealed that lac-
tate infusion produced a long-term increase in EPOC 
in the AT + Lac group (time × group, P < 0.05; Fig. 6A), 
similar to HIT in Exp. 1. In particular, the sum of the 
1–12  h EPOC in the AT + Lac group was significantly 
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Fig. 2 Body weight, food intake, VAT and lactate during and after Exp. 1. A Body weight changes during the 4-week training; B Periuterine fat 
mass (representing visceral fat); C Changes in food intake during the 4-week training; D Total food intake; E OFT trajectory and horizontal moving 
distance; F Lactate levels immediately after training. +: Time×Group, P<0.05; *: HIT vs Control, P<0.05; **: HIT vs control, P<0.01; #: HIT vs AT, P<0.05; 
##: HIT vs AT, P<0.01; &&: AT vs Control group, P<0.01

(See figure on next page.)
Fig. 3 1–24-Hour EPOC and HSL-ser660 phosphorylation in Exp. 1. A Changes in oxygen uptake within 24 hours post-exercise; B, C and D Total 
oxygen uptake during 1–12, 12–24 and 1–24 hours post-exercise; E Changes in fat oxidation rate within 24 hours post-exercise; F, G and H Total 
fat oxidation during 1–12, 12–24 and 1–24 hours post-exercise; I Respiratory quotient (RQ) within 24 hours post-exercise; J Serum glycerol 
concentration; K Glycerol concentration of periuterine fat; L HSL-ser660 phosphorylated expression. +: Time×Group, P<0.05; *: HIT vs Control, 
P<0.05; **: HIT vs Control, P<0.01; #: HIT vs AT, P<0.05;##: HIT vs AT, P<0.01; &: AT vs control, P<0.05
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Fig. 3 (See legend on previous page.)
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Fig. 4 LFPs, spike firing rate, and BDNF expression of VMH in Exp. 1. A Spike firing point for 150 s; B Spike firing counts; C LFPs spectrogram 
of the VMH for 3 min; D‑E Power spectral density distribution and integration of δ-γ bands; F IHC images of BDNF in the VMH (red: BDNF, blue: DAPI); 
G Number of BDNF positive cells; H Optical density of BDNF. *: HIT vs Control, P<0.05. **: HIT vs Control, P<0.01; #: HIT vs AT, P<0.05; ##: HIT vs AT, 
P<0.01; &: AT vs Control,P<0.05; &&: AT vs Control, P<0.01
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greater than that in the control group (P < 0.05, 
Fig.  6B), whereas the AT + Saline group did not show 
an increase in oxygen uptake at any time point. Com-
pared with AT, lactate infusion into AT induced lower 
total EPOC (12–24  h and 1–24  h P > 0.05, Fig.  6C, D) 
and fewer time points of elevation. Moreover, lactate 
infusion into AT induced a greater whole-body fat oxi-
dation rate at 1–12 h post-training than AT or the con-
trol (Fig. 6E‒H), but no change of RQ in both training 

groups was found. At the time when the animals were 
sacrificed (12 h after the last training), the serum glyc-
erol concentration was reduced in the AT + Saline 
group, whereas the visceral fat glycerol concentra-
tion was significantly increased in the AT + Lac group 
(P < 0.05, Fig. 6J-K). HSL-Ser660 phosphorylation in the 
AT + Lac group was greater than that in the AT + Saline 
group (P < 0.05, Fig. 6L), which was consistent with the 
glycerol content of visceral fat. In summary, these data 

Fig. 5 Body weight and food intake during and after Exp. 2. A Body weight changes during the 4-week training; B Periuterine fat mass 
(representing visceral fat);C Changes in food intake during the 4-week training; D Total food intake. +: Time×Group, P<0.05; *: AT+Lac vs Control, 
P<0.05; #: AT+Lac vs AT+saline, P<0.05; ##: AT+Lac vs AT+saline,P<0.01

Fig. 6 1–24-Hour EPOC and HSL-ser660 phosphorylation in Exp. 2. A Changes in oxygen uptake within 24 hours post-exercise; B, C and D Total 
oxygen uptake during 1–12, 12–24 and 1–24 hours post-exercise; E Changes in fat oxidation rate within 24 hours post-exercise; F, G and H Total 
fat oxidation during 1–12, 12–24 and 1–24 hours post-exercise; I Respiratory quotient (RQ) within 24 hours post-exercise; J Serum glycerol 
concentration; K Glycerol concentration of periuterine fat; L HSL-ser660 phosphorylated expression. +: Time×Group, P<0.05; *: AT+Lac vs Control, 
P<0.05; **: AT+Lac vs Control, P<0.01; #: AT+Lac vs AT+Saline,P<0.05; ##: AT+Lac vs AT+Saline, P<0.01

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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suggest that lactate infusion into AT enhances visceral 
fat catabolism 1–12 h after exercise.

Effects of lactate infusion on VMH electrophysiology 
and BDNF expression in Exp. 2
Electrophysiological data at 12  h after the last train-
ing session revealed that lactate infusion significantly 
increased the post-exercise spike firing rate in the VMH 
(P < 0.05, Fig.  7A, B), which was similar to HIT. How-
ever, unlike Exp. 1, lactate infusion into AT increased 
the power spectral density of only the δ, β and γ bands 
of LFPs (P < 0.05; Fig. 7C, D, E), implying that fewer neu-
ronal subpopulations were affected than in HIT. Lactate 
infusion into the AT also increased BDNF expression and 
the number of BDNF-positive cells in the VMH (P < 0.05, 
Fig. 7F, G, H), which was similar to the findings of HIT, 
suggesting that HIT partially reproduced HIT-induced 
VMH plasticity.

Discussion
Although several studies have confirmed that HIT-
induced fat catabolism occurs during the post-exercise 
recovery period [6], the underlying mechanisms have 
not been clarified. Most pertinent studies to date have 
focused on the adaptive changes of peripheral adipose 
tissue to HIT. Enhanced sensitivity to lipolytic hormones 
[26], increased browning thermogenesis [31] and lactyla-
tion of fatty acid synthase [32] have been demonstrated 
to be involved in the post-exercise fat loss process asso-
ciated with HIT. However, since a neuroendocrine net-
work finely regulates fat metabolism, how HIT or extra 
lactate elevation during AT affects the hypothalamus in 
the post-exercise recovery period remains uncertain.

In the present study, the two main novel findings 
were as follows: (a) Compared to AT with the same run-
ning distance, HIT mediated the enhancement of BDNF 
expression, increased the spike firing rate and altered 
the power density distribution of LFPs in hypothalamic 
VMH, which was accompanied by elevated EPOC, the 
whole-body fat oxidation rate and visceral fat lipolysis 
during 1–12  h post-exercise. (b) Lactate infusion com-
bined with AT reproduced similar alterations in hypo-
thalamus and adipose metabolism to HIT, although it 
only mediated LFP changes in a narrower range among 
different bands.

Several systematic reviews and meta-analyses have 
demonstrated that HIT effectively reduces body weight 
and fat [3, 33, 34]. In some studies involving female par-
ticipants, HIT has been shown to cause higher EPOC 
over an extended period after exercise [6] and result in 
a more pronounced reduction in visceral fat compared 
to AT [3, 35]. Female participants exhibit lower levels 
of lipid metabolism during recovery from AT [9]. As 

a stronger stress, HIT may enhance post-exercise fat 
catabolism in this group. The present study confirmed 
that visceral fat weight decreased more in the HIT group 
(Fig.  2A and B). Although there was fluctuation dur-
ing the training period, no significant difference in total 
food intake between the exercise and control groups was 
found (Fig. 2C and D). OFT data showed that the hori-
zontal distance travelled was significantly lower in the 
HIT group and unchanged in the AT group in the sec-
ond and fourth weeks (Fig.  2E), which suggested that 
HIT does not increase the animal’s voluntary physical 
activity during the recovery period. Rather, the increased 
exercise intensity produces greater fatigue and reduces 
the animal’s desire to exercise voluntarily. The immedi-
ate post-exercise blood lactate concentration in the HIT 
group was approximately four times that in the AT group 
(Fig.  2F), which confirmed its lactate-raising effect. In 
summary, these data reconfirmed that HIT reduced vis-
ceral fat by more than AT without changing food intake 
or voluntary physical activity in female rats.

EPOC was typically observed to encompass ‘the rapid 
component’ within the initial 0–1  h after exercise and 
‘the slow component’ within several subsequent hours 
[6]. The classical ‘oxygen debt’ hypothesis attempted 
to link EPOC with lactate metabolism during recovery; 
however, numerous studies have demonstrated a dis-
sociation between them [36]. The rapid component of 
EPOC is associated with the administration of oxygen, 
restoration of body temperature, circulation and ven-
tilation and the resynthesis of ATP-CP, while the slow 
component is linked to the synthesis of glycogen and the 
repair of tissues that are more relevant to fat catabolism 
[6]. As much as half of the slow component is caused 
by the increasing energy cost of lipid metabolism [37], 
suggesting the importance of long-lasting EPOC for fat 
loss. HIT augments EPOC to a greater extent than AT, 
in both the fast and the slow component periods. How-
ever, due to the limited duration, the absolute value of the 
fast component was much lower, equalling approximately 
one-tenth of that observed in the slow component [38]. 
Post-exercise fat oxidation is more closely associated 
with the slow component of EPOC, as it has a larger total 
volume and is more dependent on fat as the substrate. 
The present study confirmed that the slow component of 
EPOC, as well as the fat oxidation rate during the same 
period, was significantly higher in the HIT vs. the AT 
group. The post-exercise RQ decreased in both train-
ing groups, while it was lower in the HIT group than in 
the AT group at 5–7 h, which suggested a higher whole-
body percentage of fat oxidation. These data confirmed 
prior study of differential respiratory quotient responses 
to exercise, with high-intensity exercise induce a greater 
reduction in RQ [39, 40]. Additionally, enhanced visceral, 
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Fig. 7 LFPs, spike firing rate and BDNF expression of VMH in Exp. 2. A Spike firing point for 150 seconds; B Spike firing counts; C LFP spectrogram 
of the VMH for 3 minutes; D‑E Power spectral density distribution and integration of δ-γ bands; F IHC images of BDNF in the VMH (red: BDNF, blue: 
DAPI); G Number of BDNF positive cells; H Optical density of BDNF. *: AT+Lac vs Control,P<0.05; #: AT+Lac vs AT-saline, P<0.05; &: AT+Saline vs 
Control,P<0.05
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but not whole-body, adipose lipolysis (increased glycerol 
and HSL phosphorylation) was found 12  h after HIT. 
Free fatty acids (FFA) represent a crucial energy source 
for repairing skeletal muscle tissue [5], and lactate or 
glycerol is the primary carbon source for gluconeogen-
esis [41]. Enhanced visceral fat lipolysis could meet the 
needs of FFA and glycerol for rigorous exercise-induced 
tissue repair and gluconeogenesis, explaining why HIT 
effectively reduced visceral fat, consistent with data from 
previous studies [26, 42, 43].

Due to the strong correlation between adrenaline (E) 
and norepinephrine (NE) secretion and exercise inten-
sity, the traditional view is that the enhanced lipolysis 
observed after exercise was caused by elevated catecho-
lamine secretion [44]. However, HIT-induced catecho-
lamine elevation usually returns to normal levels within 
1–3  h after exercise [45]. Such a short-term catechola-
mine elevation cannot explain the increased EPOC and 
fat catabolism over 12 h. Besides the circulation, another 
source of NE for adipose is neurotransmitter release from 
sympathetic nerve endings. Long-duration lipid metabo-
lism might be related to hypothalamic regulation. Our 
previous study elucidated a portion of the mechanism 
from the standpoint of receptor sensitivity. The findings 
revealed that long-term HIT could enhance the protein 
expression of the β3-type adrenergic receptor (β3-AR) in 
visceral adipocytes, subsequently elevating their sensitiv-
ity to catecholamines. Moreover, isolated isoprenaline 
stimulation was demonstrated to induce a more pro-
nounced degree of triglyceride hydrolysis in visceral adi-
pocytes of the HIT group, suggesting enhanced hormone 
sensitivity [26]. Nevertheless, despite the enhanced sensi-
tivity to NE, TG hydrolysis would not occur without the 
‘brain-adipose axis’. VMH is a key nucleus of the energy 
homeostasis regulatory system in the hypothalamus, 
which is deeply involved in the SNS output and lipolysis 
regulation [46]. To test whether the activity of VMH was 
enhanced after HIT, we employed in  vivo multichannel 
electrophysiological techniques to observe electrophysi-
ological changes directly. The results demonstrated that 
the number of single-neuron action potentials (spike fir-
ings) of VMH was markedly increased in the HIT group. 
Additionally, the power spectral densities in the δ, θ, α, β 
and γ bands of LPFs exhibited a notable increase. These 
data indicated that the VMH exhibited increased activity 
during the recovery period of HIT.

The potential mechanism by which HIT enhances 
hypothalamic electrical activity might be related to the 
BDNF pathway. BDNF is the most abundant neuro-
trophic factor in the brain, mediating a variety of neu-
roplasticity changes, and the correlation between lactate 
and BDNF is well established [23]. It has been confirmed 
that BDNF can significantly enhance the electrical 

activity of neurons in the VMH [47], thereby altering 
energy homeostasis. Deletion of the BDNF gene in the 
VMH resulted in hyperphagia and obesity [48]. Con-
versely, injection of BDNF into the VMH was observed to 
increase the metabolic rate and reduce visceral adiposity 
[49, 50], which indicates that BDNF plays a key regulator 
of lipid metabolic control of VMH. Additionally, BDNF 
is a crucial exerkine in the enhancement of cognitive 
abilities, memory and other cerebral functions. A recent 
network meta-analysis confirmed that HIT could induce 
greater BDNF production than AT [51]. However, most 
previous studies investigating the relationship between 
HIT and increased BDNF focused on blood and the cor-
tical and hippocampal regions, but few studies examined 
this relationship in the hypothalamus. We speculated 
that HIT-induced VMH electrophysiological changes 
might also be achieved by increasing BDNF expression. 
In the present study, IHC data validated the above specu-
lation by demonstrating that HIT resulted in a more pro-
nounced BDNF increase in VMH (Fig. 4F and H).

It should be noted that BDNF mediates neuroplas-
ticity via different mechanisms and on distinct time 
scales. Within hours, BDNF could enhance protein syn-
thesis and long-term potentiation (LTP), and on longer 
time scales, BDNF could help neurons of newborns join 
neuronal circuits by promoting neurogenesis [23]. The 
present study confirmed that HIT increased the neuron 
firing rate in the VMH, which may relate to enhanced 
LTP and an increased number of newborn neurons. In 
our view, BDNF-induced changes in neuroplasticity 
are like a kind of ‘qualitative change from a quantita-
tive change’. HIT and lactate may induce both acute and 
chronic effects of BDNF. Although the effects of a single 
training bout on neural networks may be temporary and 
easily fade, long-term interventions may lead to more 
persistent changes in hypothalamic plasticity, which can 
mediate more significant metabolic changes. To ensure a 
significant accumulation of training effects, the present 
study executed a long-term intervention. Therefore, it 
could not be determined from the current data whether 
the HIT-mediated enhancement of VMH activity and fat 
catabolism was an acute effect of a single training session 
or a long-term adaptation. The different mechanisms by 
which BDNF mediates neuroplasticity on different time 
scales may be an entry point for future research.

A more probing question is thus posed: by which spe-
cific stimulus signal did HIT achieve elevated EPOC 
and lipolysis over 12  h? HIT has been demonstrated to 
enhance numerous exercise factors, including IL-6, iri-
sin, leptin, adiponectin, HIF-1, etc., which have all been 
linked to improvements in obesity. HIT comprises two 
core components: ‘glycolytic metabolism’ during the 
high-intensity period and ‘aerobic oxidative metabolism’ 
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during the intervals. An intriguing study [52] demon-
strated that, akin to HIT, vigorous-intensity continuous 
training (VCT, > 85%  VO2max) also elicited heightened 
EPOC and post-exercise fat oxidation in comparison to 
AT. This indicates that glycolysis, which produces high-
dose lactate, may play a more significant role. Lactate is 
a hallmark product of high-intensity exercise. During 
acute hard exercise (RQ ≥ 1.0), significant elevation of 
blood lactate inhibits lipolysis through the hydroxycar-
boxylic acid receptor 1 (HCAR1, also called GPR81, a 
lactate-specific G protein-coupled receptor) binding [14]. 
However, HIT has been demonstrated to facilitate the 
browning of adipose tissue [53] and inhibit fat synthesis 
via lactate [32]. Even when not engaged in exercise, intra-
venous or oral lactate administration could still relieve 
adipose tissue inflammation by G protein-coupled recep-
tor 132 (GPR132)-AMPKα1 pathway and promote adipo-
cyte browning by GPR81-p38 MAPK pathway [16, 54]. 
In summary, these studies suggested that lactate could 
mediate both immediate lipolytic inhibition and long-
term pro-lipolysis adaptative changes in adipose tissue.

Lactate is also intimately associated with exercise adap-
tations in brain function, whereby it provides signals that 
modulate neuronal functions, including excitability, plas-
ticity and memory consolidation [55]. In addition, as an 
energy substrate, lactate affects brain function as a signal 
mainly through the hydroxycarboxylic acid receptor 1 
(GPR81) and N-methyl-D-aspartate receptor (NMDAR) 
pathways. In the brain, GPR81 is located primarily at 
excitatory synapses that inhibits neuronal excitability 
via cAMP when bound to lactate, which suggested lac-
tate could exacerbate central fatigue by GPR81 during 
acute exercise [56]. On longer time scales, lactate can 
alter neuroplasticity via the NMDAR-BDNF pathway: 
lactate entering neurons can induce NMDAR opening 
and calcium influx, which in turn promotes ERK phos-
phorylation and BNDF transcription and expression [57]. 
Therefore, we hypothesise that lactate, as an exerkine, is 
key to increasing VMH electrical activity and fat catabo-
lism over 12 h after HIT. Exp. 2 was conducted to ascer-
tain whether lactate, rather than other HIT-related 
signals, could independently influence the hypothalamus 
and fat catabolism during exercise. The results showed 
that pre-exercise lactate administration to the AT group 
could mediate higher BDNF expression (Fig.  7F and H) 
and neuron firing in VMH. Furthermore, an elevated 
slow component of EPOC, fat oxidation, visceral fat 
lipolysis and fat mass loss were also found. Unlike Exp.1, 
lactate infusion did not alter the post-exercise RQ. Nev-
ertheless, a direct comparison with different experiments 
was difficult due to differences in factors affecting RQ 
(diet, pre-training meal, age, sex, or weather conditions) 
[40]. However, even in the same experiment, adding 

lactate infusion to AT did not reduce RQ. One possible 
reason is that adding lactate to AT did not increase glyco-
gen consumption during exercise as HIT did. Therefore, 
AT + Lac also could not inhibit post-exercise glucose oxi-
dation (increase RQ). More experiments are needed to 
compare the differences between the effects of HIT and 
lactate infusion on whole-body glucose metabolism after 
exercise. In summary, the results of Exp. 2 suggested that 
the enhanced lactate concentration during AT could par-
tially reproduce the hypothalamic plasticity and visceral 
fat loss effects of HIT.

It should be noted that a recent study found that lac-
tate administration without exercise could also promote 
catabolism of peripheral fat pads via the GPR132 path-
way [16]. Unfortunately, due to the limited number of 
channels in the test instrument, Exp. 2 did not involve 
a ‘Lac + sedentary’ group. Therefore, it was still unclear 
whether the hypothalamic adaptation was induced by 
AT combined with lactate or lactate infusion alone. Fur-
ther studies are needed to compare the neuroplasticity 
effects of lactate signalling alone and lactate combined 
with exercise. It is also important to note, however, that 
lactate administration did not represent an identical ana-
logue of HIT-induced training adaptation. Lactate infu-
sion alone resulted in a power increase in the δ, β and 
γ bands in the LFPs of VMH (Fig.  7D-E). Nevertheless, 
HIT had a broader impact on LFPs (power increase of all 
δ to γ bands, Fig. 4D-E), indicating that HIT might affect 
a wider variety of neuron subpopulations than lactate 
administration combined with AT. Additionally, lactate 
markedly diminished the animals’ overall food intake 
throughout the training period, whereas HIT was only 
noted to exert this effect during the second and third 
weeks. A recent study revealed that lactate reduced appe-
tite via N-lactoyl-phenylalanine (Lac-Phe) and exerted 
neuroplastic effects through the BDNF pathway [58]. 
Food intake reduction in the AT + Lac I.V. group might 
be related to the higher blood lactate peaks and associ-
ated Lac-Phe synthesis caused by I.V. lactate infusion 
before training. Thus, although AT combined with lactate 
administration induced similar VMH plasticity, EPOC 
and visceral fat reduction effects to HIT, the underlying 
mechanisms were not entirely identical, and more stud-
ies are needed in the future to explore the differences 
between these two interventions.

In conclusion, the present study confirmed for the first 
time that HIT could increase BDNF expression and elec-
trical activity in the hypothalamic VMH, accompanied by 
an enhancement of the slow component of EPOC, whole-
body fat oxidation and visceral fat lipolysis. Although the 
underlying mechanisms might not be entirely consist-
ent, lactate administration combined with AT produced 
effects similar to those of HIT in neuroplasticity and 
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metabolism during recovery. These results may provide 
two extra hints: firstly, as elevated blood lactate during 
exercise could enhance fat catabolism, how to monitor 
and maintain high concentrations of lactate may be an 
important issue for fat loss; secondly, lactate nutritional 
supplementation prior to or during exercise may be a 
potentially promising means of augmenting the visceral 
fat loss effects of aerobic exercise.

Limitations and prospects
Two limitations existed in this study: first, only female 
animals were involved in the experiments to ensure con-
tinuity with previous studies, and the applicability of 
the current results to male rodents or women is yet to 
be explored. Second, due to the limitations of the chan-
nel numbers of the metabolic and electrophysiologic 
monitoring equipment, Exp. 1 and Exp. 2 were not per-
formed simultaneously, and the two data sets could only 
be compared qualitatively but not quantitatively. In addi-
tion, also due to the limited number of test channels, 
Exp. 2 did not involve a ‘Lac + sedentary’ group, so it is 
still unclear whether HIT-induced hypothalamic adap-
tations are replicated by lactate alone or AT combined 
with lactate. In the future, the specific neuron types and 
associated signaling pathways within the VMH that can 
be affected by HIT or lactate should be further identified 
to provide valuable targets for exercise to control obesity.
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