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Abstract
Injury severity is correlated with poor prognosis after traumatic brain injury (TBI). It is not known whether triglycerides 
(TGs) or total cholesterol (TC) is good biomarker of increased injury of neuroinflammation and apoptosis in a high fat diet 
(HFD)-treated rat after TBI episodes. Five-week-old male Sprague–Dawley (SD) rats were fed a HFD for 8 weeks. The 
anesthetized male SD rats were divided into three sub-groups: sham-operated and TBI with 1.6 atm or with 2.4 atm fluid 
percussion injury (FPI). Cell infarction volume (triphenyltetrazolium chloride stain), tumor necrosis factor-alpha (TNF-α) 
expression in the microglia (OX42 marker) and astrocytes (Glial fibrillary acidic protein marker), TNF-α receptor expres-
sion in the neurons (TNFR1 and TNFR2 markers), and the extent of neuronal apoptosis (TUNEL marker) were evaluated 
by immunofluorescence, and the functional outcome was assessed by an inclined plane test. These tests were performed 
72 h after TBI. Serum triglyceride and cholesterol levels were measured at 24, 48 and 72 h after TBI. The FPI with 2.4 atm 
significantly increased body weight loss, infarction volume, neuronal apoptosis and TNF-α expression in the microglia and 
astrocytes, and it decreased the maximum grasp degree and TNFR1 and TNFR2 expression in neurons at the 3rd day follow-
ing TBI. The serum TG level was positively correlated with FPI force, infarction volume, Neu-N-TUNEL, GFAP-TNFα, and 
OX42-TNFα Simultaneously; the serum TG level was negatively correlated with Neu-N-TNFR1 and Neu-N-TNFR2. TG is 
a good biomarker of increased injury for neuroinflammation and apoptosis at the 3rd day after TBI in HFD rats.
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Introduction

Traumatic brain injury (TBI) remains a great public health 
challenge, with worldwide incidence rates estimated from 
811 per 100,000/year in New Zealand to 7.3 per 100,000/
year in Western Europe [1]. A high fat diet (HFD), which 
induces hyperlipidemia by increasing serum total choles-
terol (TC) and triglyceride (TG) levels, is associated with 
metabolic syndrome [2], which affects approximately 25% 
of the world’s population and increases in incidence and 
prevalence with age [3]. Therefore, neurosurgeons can 
expect to see more TBI patients with pre-existing hyper-
lipidemia in daily practice. Since the brain tissue has the 
highest lipid content and the lipid expression in the blood 
is reflective of its expression in brain tissues, the serum 
TG level is positively correlated with that of the brain 
[4–6]. In this research, we determine whether TC or TG 
can be used as a potential biomarker of increased injury 
severity in HFD to represent the major aspects of therapeu-
tic management and be clinically useful after TBI.

Neuroinflammation is a key secondary injury after a 
TBI event. The extent of neuroinflammation depends on 
the severity of cell damage. Following TBI, activated 
astrocytes and microglia led to the prolonged release of 
the neuroinflammatory factor tumor necrosis factor-alpha 
(TNF-α), resulting in neuronal apoptosis [7, 8] through the 
TNF-α-mediated death/survival cognate receptorsTNFR1/
TNFR2 [9, 10]. However, it has been reported that the 
consumption of a HFD can induce neuroinflammationin a 
non-TBI animal model [11–14], such as in a kainic acid-
induced seizure mouse model [14]. However, the effects of 
injury severity of TBI on neuroinflammation and apoptosis 
of HFD rats have not been investigated.

The effect of HFD on TBI animal models show that 
a HFD can impair cognitive function [15], impair soma-
tosensory and working memory performance [16] shorten 
telomere length [17] and induce epigenetic change [18]. 
In our recent study, we have demonstrated rats fed a HFD 
for 8 weeks had higher neuronal apoptosis or neuroin-
flammation after 2.2 atm fluid percussion injuries (FPI) 
model when compared to sham rats [19]. However, it is 
not known whether TG or TC is a biomarker of neuroin-
flammation and apoptosis in a HFD-fed rat after different 
injury force of TBI episodes.

The current study hypothesized that the severity of 
injury would affect the development of increased TC and 
TGs, followed by neuroinflammation and neuronal apop-
tosis, and would eventually exacerbate the functional out-
comes in HFD-fed rats after TBI events; TG and TC are 
biomarkers of neuroinflammation and neuronal apoptosis. 
To test this hypothesis, we investigated regional micro-
glia and astrocyte activation, TNF-α expression, TNFR1 

and TNFR2 expression in neurons, and neuronal apopto-
sis in the brain. We also measured the peripheral TC and 
TG concentrations at 24 h, 48 h, and 72 h. After TBI and 
the functional outcome on the 3rd day after TBI using 
1.6 atm or 2.4 atm FPI model. Our results will help elu-
cidate the effects of different injury force on TBI in HFD 
rats. Monitoring the severity of TBI progression by indica-
tors and analyzing the results may provide laboratory evi-
dence for subsequent anti-injury research. These findings 
will improve our understanding of the adverse effects of 
increased injury force on HFD and help establish treatment 
and prevention protocols.

Materials and Methods

Experimental Design

Figure 1 shows the overall experimental protocol. A total of 
54 rats were used in current study. The rats were numbered 
in random order and assigned to different study groups. All 
of the experimental procedures followed the Animal Protec-
tion Act, Council of Agriculture, Executive Yuan, R.O.C. 
(Taiwan) and were approved by the Chi-Mei Medical Center 
Animal Care and Use Committee (ICCUC), which con-
formed to National Institutes of Health guidelines. Animals 
were separated into three major groups: sham, TBI with 
1.6 atm FPI, and TBI with 2.4 atm FPI. To avoid potential 
interrater variability for all objects and lab experimenters, all 
rats were measured by the same lab experimenter.

Induced High Cholesterol and Triglyceride Rat 
Model Methods

Five-week-old male Sprague–Dawley rats were fed a high 
fat diet containing 60.9 kcal% fat, 18.3 kcal% protein, and 
20.1 kcal carbohydrates (58Y1; TestDiet, Richmond, IN, 
USA) ad libitum for 8 weeks. Serum total cholesterol, tri-
glycerides and body weights were measured at the end of 
8 weeks. Blood samples (1 mL) were drawn from the tail 
vein and analyzed using an auto-analyzer (Quik-Lab, Elkhart 
I, NJ, USA).

Traumatic Brain Injury

Animals were anesthetized and intramuscularly injected with 
a mixture of ketamine (44 mg/kg), atropine (0.02633 mg/
kg), and Rompun (6.77 mg/kg). Using a stereotaxic frame, 
a right craniectomy (with a radius of 2 mm) was performed 
4 mm from the bregma and 3 mm from sagittal sutures. A 
fluid percussion device (VCU Biomedical Engineering, 
Richmond, VA, USA) was connected, and the brain was 
injured with a 1.6 atm (moderate TBI) or 2.4 atm (high TBI) 
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with 25 ms percussion, which produced brain trauma [20]. 
The detailed procedures are as described by Chuang et al. 
[21].

TC and TG Measurement

Blood samples (1 mL) were drawn from the tail vein and 
centrifuged at 3500 rpm for 15 min at 4 °C to separate the 
serum and blood cells. The TC and TG concentrations were 
measured at 24, 48 and 72 h after TBI using an enzymatic 
method in an ARCHITECTC8000 machine (Abbott, Illinois, 
US).

Motor Function Test

Animals were placed facing right and then left perpendicu-
lar to the 20 × 20-cm buffer ribbed surface of an inclined 
plane, which was initially positioned at a slope of 55°. The 
maximal angle at which an animal could remain on the 
inclined plan was recorded. Motor deficit measurements 

were conducted with left- and right-side maximal angles 
at 72 h following TBI.

Cerebral Infarction Volume Assay

Infarction volume was measured using triphenyltetrazo-
lium chloride (TTC) staining at 72 h following TBI [22]. 
Briefly, The brain tissue was immersed in cold saline for 
5 min and sliced into 2.0-mm sections, and then the slices 
were incubated in 2% TTC dissolved in phosphate-buff-
ered saline for 30 min at 37 °C and then transferred to 
a 5% formaldehyde solution for fixation. The infarction 
volume, as revealed by negative TTC stains indicating 
dehydrogenase-deficient tissue, was measured in each slice 
and summed using computerized planimetry (PC-based 
Image Tools software, Image-Pro Plus Media Cybernetics, 
Inc., Rockville, MD, USA). The infarction volume was 
calculated as 2 mm (thickness of the slice) × [sum of the 
infarction areas in all brain slices  (mm2)].

Fig. 1  Overall experimental 
protocol of the current study. 
A total of 54 rats were used in 
current study
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Immunofluorescence Staining

Adjacent 6 μm sections corresponding to coronal coor-
dinates 0.20 mm to 0.70 mm anterior to the bregma were 
incubated in 2 mol/L HCl for 30 min, rinsed in 0.1 mol/L 
boric acid (pH 8.5) for 3 min at room temperature and incu-
bated with primary antibodies in PBS containing 0.5% nor-
mal bovine serum at 4 °C overnight. Sections were washed 
in PBS and incubated with secondary antibodies for 1 h at 
room temperature. The number of positive immunofluo-
rescent cells was calculated in five coronal sections near 
the Bregman − 4.8 mm corresponding to the peri-lesioned 
cortex (×400 magnification) and are expressed as the mean 
number of positive cells from each rat using computerized 
planimetry (Image-Pro Plus Media Cybernetics, Inc., Rock-
ville, MD, USA).

Neuroinflammation and Neuronal Apoptotic 
Assay in the Peri‑Lesioned Cortex Using 
Immunofluorescence Staining on the 3rd Day After 
TBI

Activated microglia and astrocytes were evaluated by 
detecting OX42- (microglia marker) and GFAP (astrocyte 
marker)-positive cells using an immunofluorescence assay 
[23] TNF-α expression in activated microglia or astrocytes 
was evaluated by detecting OX42- or GFAP- plus TNFα-
positive cells using a double-stained immunofluorescence 
assay.

TNFR1 and TNFR2 expression in neuronal cells was 
evaluated by detecting co-stained neu-N and TNFR1 or 
TNFR2 positive cells using a double-stained immunofluo-
rescent assay.

Neuronal apoptotic cells were identified by stain-
ing with terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick-end labeling (TUNEL) [24].The 
numbers of Neu-N-positive cells in 4′,6-diamidino-
2-phenylindole(DAPI)-positive cells and TUNEL-positive 

or caspase-3-positive cells in Neu-N-positive cells were 
calculated. The detailed information of antibodies used 
was summarized on Table 1.

Statistical Analysis

A descriptive statistical analysis was used in this study. 
The average of the TC and TGs (means ± standard devia-
tion) between the three groups (sham, TBI 1.6 atm, and TBI 
2.4 atm) from Day0 to Day3 presented with a trend towards 
change. In addition, the distribution of the variables of inter-
est between these three groups was plotted using a box plot 
with a Kruskal–Wallis test to compare the difference. To 
estimate the association between the TG/TC and variables 
of interest, a scatter plot was used to display the set of two 
variables of interest, and the strength of the linear relation-
ship was measured using Pearson’s correlation coefficient. 
All of the statistical analyses were performed with STATA 
(version 12; Stata Corp., College Station, TX, USA), and a 
p value < 0.05 was considered to be statistically significant.

Results

Daily Change in Serum TG and TC Levels After TBI

Serum TC was not Different in HFD‑Fed Rats 3 Days After 
Different Injury Force of TBI

Figure 2 shows the peak TC level occurs at day 2 after TBI. 
The daily TC level shows no significant difference among 
the sham and the TBI of 1.6 atm or of 2.4 atm groups.

Table 1  The detailed information of antibodies used in current study

Antibody Source Catalog number Working dilution

TUNEL kit Clontech (Palo Alto, CA) 630108
1°Ab Mouse anti-NeuN Abcam (Cambridge, MA) Ab104224 1:600

Mouse anti-OX42 Abcam (Cambridge, MA) ab1211 1:200
Mouse anti-GFAP Cell signaling technology(Beverly, 

MA)
3670 1:400

Rabbit anti-TNFR1 Abcam (Cambridge, MA) ab19139 1:600
Rabbit anti-TNFR2 Abcam (Cambridge, MA) ab109322 1:100
Rabbit anti-TNFα Abcam (Cambridge, MA) ab6671 1:200

2°Ab Goat Anti-Mouse (Alexa Fluor® 594) Abcam (Cambridge, MA) ab150116 1:400
Goat Anti-Rabbit (Alexa Fluor® 488) Abcam (Cambridge, MA) ab150077 1:400
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Serum TG Increased Significantly in Rats at Day 1 and Days 
3 After Different Injury Force of TBI

Figure 3 shows that the peak serum TG level occurs at day 
1.Compared with the sham group, the daily TG level is sig-
nificantly higher at day 1 and day3 after TBI of 1.6 atm or 
of 2.4 atm.

High FPI Force Significantly Increased TNF‑α Expression 
in Activated Astrocytes and Microglia in the Peri‑Lesioned 
Cortex on the 3rd Day After TBI

The number of OX42 plus TNF-α double stained cells 
was significantly higher in the TBI of 1.6 atm group (12.5 
(median) group vs. 0, ***p < 0.001, n = 6 per group) and the 
TBI of 2.4 atm group (19.5 (median) vs. 0, ***p < 0.001, 

Fig. 2  Daily changes in serum 
TC levels (means ± standard 
deviation) after TBI. No signifi-
cant differences were observed 
among the sham or the TBI of 
1.6 atm and of 2.4 atm groups. 
(n = 6 in each group)

Fig. 3  Daily changes in serum 
TG levels (means ± standard 
deviation) after TBI. The 
TG levels were significantly 
higher at day 1 and day3 after 
TBI of 1.6 atm or of 2.4 atm. 
**p < 0.01, ***p < 0.001, 
#p < 0.05 (n = 6 in each group)
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n = 6 per group, Fig. 4) than the sham-operated rats in the 
peri-lesioned cortex region 3 days after TBI. The number 
of GFAP plus TNF-α double stained cells was significantly 
higher in the TBI of 1.6 atm group (16 (median) vs. 0, 
***p < 0.001, n = 6 per group) and the TBI of 2.4 atm group 
(17 (median) vs. 0, ***p < 0.001, n = 6 per group, Fig. 5) 
than the sham-operated rats in the peri-lesioned cortex 
region 3 days after TBI.

High FPI Force Significantly Decreased the TBI‑Induced 
TNFR1 and TNFR2 Expression in Neuronal Cells 
in the Peri‑Lesioned Cortex on the 3rd Day After TBI

In the TNFR1 plus Neu-N double stained assay, the number 
of positive neuronal TNFR1 cells in the peri-lesioned cor-
tex of the TBI 1.6 atm rats (24 (median) vs. 76.5 (median), 
***p < 0.001, n = 6 per group) and TBI of 2.4 atm rats 
(34.5vs.76.5 (median), ***p < 0.001, n =  6 per group, 
Fig. 6)were significantly decreased compared with those in 
the sham controls. Simultaneously, the number of positive 
neuronal TNFR2 cells in the peri-lesioned cortex of the TBI 
of 1.6 atm rats (25 (median) vs. 76.5 (median), ***p < 0.001, 

n = 6 per group) and TBI of 2.4 atm rats (16 (median) vs. 59 
(median), ***p < 0.001, n = 6 per group, Fig. 7) were signifi-
cantly decreased compared with those in the sham controls.

High FPI Force Significantly Increased Neuronal Apoptosis 
in the Peri‑Lesioned Cortex on the 3rd Day After TBI

The TUNEL assay revealed that the number of apoptotic 
neuronal cells (Neu-N plus TUNEL) in the peri-lesioned 
cortex was increased in the TBI of 1.6  atm rats (29.5 
(median) vs. 0 ± 0, ***p < 0.01) and the TBI 2.4 atm rats 
(57.5 (median) vs. 0, ***p < 0.001; n = 6 per group) com-
pared to the sham rats 3 days after TBI (Fig. 8).Among these 
three groups, the TBI of 2.4 atm rats had the greatest degree 
of neuronal apoptosis (Fig. 8).

High FPI Force Significantly Increased TBI‑Induced Cerebral 
Infarction Volume on the 3rd Day After TBI

At 72 h following TBI, the TTC-stained infarction volume 
was significantly higher in the TBI of 1.6 atm rats than in the 
infarcted area of sham controls (73.3  mm3 (median) vs. 0, 

Fig. 4  Effects of different injury 
forces on TNF-α expression 
in activated microglia in the 
peri-lesioned cortex on the 
3rd day after TBI. *p < 0.05, 
***p < 0.001, #p  < 0.05 (n = 6 
in each group)
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p < 0.001; n = 6 per group). Among these three groups, the 
TBI of 2.4 atm rats (127.0  mm3 (median); n = 6 per group) 
had the greatest cerebral infarction volume (Fig. 9).

High FPI Force Significant Increase in TBI‑Induced Body 
Weight loss On the 3rd Day After TBI

On the 3rd day after TBI, body weight losses were signif-
icantly increased in the TBI of 1.6 atm (20 (median) vs. 
13.5 (median), *p < 0.05, n = 6 per group) and the TBI of 
2.4 atm (43 (median) vs. 13.5 (median), ***p < 0.001, n = 6 
per group) rats compared to the sham controls. Among these 
three groups, the TBI of 2.4 atm rats had the greatest weight 
loss (Fig. 10).

High FPI force Significantly Decreased Motor Function 
on the 3rd Day After TBI

The maximal grip angle of rats on the inclined plane on 
the 3rd day after TBI was significantly lower in the TBI 
2.4 atm rats rats 46.05 (median) Vs TBI 1.6 atm rats 52.3 
(median #p < 0.001, n = 6 per group)), and vs. sham rats 57 

(median**p < 0.001, n = 6 per group. Among these three 
groups, the TBI 2.4 atm rats had the smallest maximal grip 
angle (Fig. 11).

Serum TC is Significantly Positively Correlated 
with Infarction Volume but not Neuroinflammation 
or Apoptosis Markers at the 3rd Day After TBI

Figure 12 shows that the serum TC is significantly positively 
correlated with infarction volume in the cortex (r = 0.657, 
p = 0.0031).Serum TC showed a non-significant positive 
correlation with NeuN-TUNEL (r = 0.3218, p = 0.1929), 
OX42-TNF-α (r = 0.2528, p = 0.3115), and GFAP-TNF-α 
(r = 0.2862, p = 0.2496); non-significant negative correlations 
to Neu-N-TNFR1 (r = − 0.2944, p = 0.2357), Neu-N-TNFR2 
( r = − 0.136, p = 0.5904) and body weight loss (r = − 0.3218 
p = 0.1929) were also observed.

Fig. 5  Effects of different injury 
forces on TNF-α expression in 
activated astrocytes in the peri-
lesioned cortex on the 3rd day 
after TBI. **p < 0.01, ##p < 0.01 
(n = 6 in each group)
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Serum TG is Significantly Correlated with Infarction Volume, 
Neuroinflammation and Apoptosis, and Body Weight Loss 
at the 3rd Day After TBI

As shown in Fig. 13, on the third day after TBI, serum TG 
is significantly positively correlated with body weight loss 
(r = 0.5259 p = 0.0250) and infarction volume in the cortex 
(r = 0.7201, p = 0.0008). Serum TG was also significantly posi-
tively correlated with NeuN-TUNEL (r = 0.4999, p = 0.0347), 
OX42-TNF-α (r = 0.6064, p = 0.0076), and GFAP-TNF-α 
(r = 0.6123, p = 0.0069). Serum TG was significant negatively 
correlated with Neu-N-TNFR1 (r = − 0.7144, = 0.0009) and 
Neu-N-TNFR2 (r = − 0.5567, p = 0.0164). However, TG is 
non-significantly negatively correlated with motor function 
(r = − 0.4241, p = 0.0794).

Discussion

Summary of Current Study

To our knowledge, this is the first study to test whether 
TG or TC is a biomarker of neuroinflammation and apop-
tosis in a HFD-fed rat after different injury force of TBI 
episodes. We found dose–response correlation between 
sham, low, and high intensity brain FPI and serum tri-
glycerides (and to a much lesser extent serum total cho-
lesterol) in HFD rats. We consider since the serum TG is 
easy to measure; we have the opportunity to treat high TG 
in clinical applications by drugs or dietary management 
in TBI patients.

Fig. 6  Effects of different injury 
forces on TNFR1 expression 
in neurons in the peri-lesioned 
cortex on the 3rd day after TBI. 
*p < 0.05, **p < 0.01, #p < 0.05 
(n = 6 in each group)
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Daily Change in Serum TG and TC Levels After TBI

In the present study, the peak serum TG occurred at day 
1 after TBI, while peak serum TC occurred at day 2 after 
TBI. Under normal conditions, TG can rapidly cross the 
blood–brain barrier (BBB) while cholesterol cannot. One 
explanation for the presence of TG in the blood at ear-
lier time points than TC may be that TG crosses the BBB 
more easily, especially following TBI, TG and TC were 
excreted from the injured brain and the BBB breakthrough 
increased permeability at day 1 after brain insult [25–27]. 
Following TBI, activated astrocytes in the brain cortex 
released pancreatic TG lipase, which hydrolyzes the ester-
atic linkage of TG to free fatty acids [28]. Therefore, the 
increase in TG lipase following TBI may be one mecha-
nism to explain the decrease in serum TG. These may also 
explain why are serum triglycerides higher in TBI 1.6 atm 
than in TBI 2.4 atm on day 1.

In the present study, the serum TG and TC may pos-
sibly originate from peripheral tissues [29]; therefore, we 
speculated that the brain-gut axis may play a role in the 
regulation of intestinal lipid profile metabolism after TBI 
[30]. Further studies are needed to confirm the exact role 
of the brain-gut axis after brain injury.

High FPI Force Significantly Worsens 
Neuroinflammation, Apoptosis And Functional 
Outcome In HFD Rats

Several studies have shown that TBI results in poor out-
comes in rats on a normal diet [31, 32]. In reviewing the 
previous studies about the effects of TBI on HFD-fed rats, 
all of the focus is on the effects after a single impact force 
in different models [15–18]. As expected, we provide the 
scientific results that a high impact force with FPI 2.4 atm 
significantly worsens neuroinflammation, apoptosis and 
functional outcome in HFD rats.

Serum TG, but not TC, is Significantly Correlated 
with Infarction Volume, Neuroinflammation 
and Apoptosis Markers on the 3rd Day After FPI

Our study showed that serum TG, which was correlated 
with body weight loss, was significantly correlated with 
the expression of cerebral OX42-TNF-α, GFAP-TNF-α, 
Neu-N-TNFR1, Neu-N-TNFR2, NeuN-TUNEL, and TTC 
staining. Because BBB breakthrough increased perme-
ability after brain insult has been reported [25–27], we 
therefore propose that serum TG could pass the BBB and 

Fig. 7  Effects of different injury 
forces on TNFR2 expression 
in neurons in the peri-lesioned 
cortex on the 3rd day after TBI. 
***p < 0.001, ###p < 0.001 (n = 6 
in each group)
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promote the secretion of the inflammatory cytokine TNF-α 
from activated microglia and astrocytes, in addition to 
affecting the expression of Neu-N-TNFR1 Neu-N-TNFR2, 
inducing neuronal apoptosis, and finally increasing infarc-
tion volume. These results support our hypothesis that 
serum TG could be a biomarker of neuroinflammation and 
neuronal apoptosis in this HFD condition.

The TNF-α receptors in the central nervous system 
include TNFR1 and TNFR2. TNFR1 promotes inflamma-
tory degeneration and cell death, while TNFR2 regulates 
cell regeneration and survival [9, 10]. In the current study, 
compared with the TBI 1.6 atm group, we found that the 
numbers of apoptosis neurons were increased, while Neu-
N-TNFR1 expression was significantly increased andNeu-
N-TNFR2 expression was significantly decreased simul-
taneously in the TBI2.4 atm group. This result supports 
the concept that TNFR2 plays an important role in neural 
repair and survival, but failed to function in this critical 
condition. However, compared with the sham group, Neu-
N-TNFR1 and Neu-N-TNFR2 were decreased both in the 
TBI 1.6 atm and 2.4 atm groups. One possible explanation 
for the decreased expression in these groups might be that 

fewer neurons are associated with lower Neu-N-TNFR1and 
Neu-N-TNFR2 expression after TBI.

Abnormal TTC staining represents cell infarction or 
death. Following TBI, the mechanism of cell death included 
necrosis, apoptosis and autophagy [33, 34]. In the current 
study, we found that the serum TG level is positively cor-
related with both TCC staining and neuronal apoptosis in 
HFD-fed rats. However, we found that the TC level is posi-
tively correlated with TCC staining but is not correlated with 
neuronal apoptosis in HFD-fed rats. This finding implies that 
the pathophysiology of TG and TC on neuronal death maybe 
not be on the same pathway. Funakoshi et al. reported that 
the accumulation of cellular cholesterol may cause necrop-
tosis-like neuronal cell death, which is a form of cell death 
that has the morphological features of necrosis [35]. This 
issue is worth investigating in the future.

Consistent with previous studies, TBI increased body 
weight loss in rats on a normal diet [31, 32]. In the present 
study, we provide the new information that a high impact 
force with an FPI of 2.4 atm significantly worsens body 
weight loss at the 3rd day after TBI. However, when con-
sidering body weight control, leptin should be mentioned. 

Fig. 8  Effects of different injury 
forces on TBI-induced neuronal 
apoptosis and the number of 
Neu-N plus TUNEL-positive 
cellular expression in neurons 
in the peri-lesioned cortex on 
the 3rd day after TBI. *p < 0.05, 
**p < 0.01, #p < 0.05 (n = 6 in 
each group)
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Leptin, which is secreted from adipose tissue, crosses the 
blood brain barrier to the hypothalamus and regulates the 
body weight via decreasing appetite and increasing energy 
consumption [36]. Leptin also has an inverse correlation 
with proinflammatory cytokines after TBI [37]. Therefore, 
the role of leptin in our neuroinflammation/HFD/TBI model 
is worth investigating in the future.

The TG level was not significantly negatively correlated 
with motor function (r = − 0.4241, p = 0.0794).Since the 
pathophysiology of TBI is so complicated and complex, the 
functional outcome maybe determinate by multiple factors 
and difficult to predict [38]. Our result supports the hypoth-
esis that high serum TG plays part of a negative role on 
motor function.

When compared serum TG at day 1 with infarction vol-
ume, neuroinflammation and apoptosis, and body weight 

loss on the  3rd day after TBI, serum TG was significantly 
correlated with neuroinflammation and apoptosis markers 
(data not showed). Whether serum TG on day 1 could be an 
early biomarker for neuroinflammation and apoptosis was 
difficult to conclude because of the lack of corresponding 
information on neuroinflammation and apoptosis on day 1. 
This issue needs evaluated in the future.

Limitations of the Current Study

Several limitations in our study should be considered. 
First, in the current study, we focus on the effects of dif-
ferent injury force on TBI in the experimental HFD rat. 
Whether these neurobehavioral and neuroinflammatory 
parameters were significantly different between rats fed 

Fig. 9  Effects of different injury 
forces on TBI-induced infarc-
tion volume in the peri-lesioned 
cortex on the 3rd day after TBI. 
*p < 0.05, ***p < 0.001, (n = 6 
in each group)
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with a HFD and normal diet rats, and injured control mice 
after different injury force of TBI are worth investigating.

Second, the potential sex differences in lipid metabo-
lism following TBI should be evaluated [39]. In the future, 
a study design included both HFD male and female rats to 
clarify the differences in sex effects after different injury 
force of TBI will solve this consideration.

Third, the duration of HFD exposure would affect cer-
ebral lipid and neurons in rat [40]. According to a report 
by Hoane et al., rats in the current study received 8 weeks 
of HFD exposure [16]. Whether long-term exposure to a 

HFD leads to a greater risk to the brain should be investi-
gated in the future.

Fourth, since the lipid expression in blood is reflec-
tive of expression in brain tissue [4] and cerebral TG was 
positively correlated with serum TG [40], we did not 
investigate the TG concentrations in brain tissue or cer-
ebrospinal fluid, which may truly reflect the time course 
of lipid metabolism in HFD-fed rats after a TBI event. 
In the future, in addition to detecting the lipid profile in 
brain tissue and cerebrospinal fluid, we also emphasize 
that sphingolipids are highly specific to the brain, are 

Fig. 10  Effects of the different 
injury forces on TBI-induced 
body weight loss 3 days after 
TBI. *p < 0.05, ***p < 0.001, 
#p < 0.05 (n = 6 in each group)

Fig. 11  Effects of the different 
injury forces on TBI-induced 
motor deficits 3 days after TBI. 
**p < 0.01, #p < 0.05, (n = 6 in 
each group)
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significantly up-regulated in post-injury serum, and can 
be used as quantifiable TBI biomarkers [41].

Fifth, in current study, these data strongly suggested 
that that serum TG was significantly correlated with the 
expression of cerebral OX42-TNF-α, GFAP-TNF-α, Neu-
N-TNFR1, Neu-N-TNFR2 and neuronal apoptosis. How-
ever, the exactly mechanisms of triglyceride concentration 
associated with cellular activities remained unknown. Fur-
thermore, it is very important to clarify the mechanism of 
changes in triglyceride concentration, such as were they 
due to catecholamine release as a consequence of stress? 
[42, 43].

Sixth, cholesterol in the blood plasma compartment 
exists in two forms, free cholesterol and cholesteryl esters. 
Both of which are constituents of circulating lipoproteins 
including chylomicrons, very low density lipoproteins, 
intermediate density lipoproteins, low density lipopro-
teins, and gigh ensity lipoproteins [44]. In current study, 
we only check the total cholesterol concentration, it needs 

to clarify how much of the total cholesterol increase was 
due to elevated cholesterol esters in the future.

Finally, the current study showed that serum TG at a TBI 
of 1.6 atm and TBI of 2.4 atm could be a good biomarker of 
increased injury in HFD-fed rats at the  3rd after TBI. How-
ever, the optimal threshold to predict the severity and out-
come needs to be clarified in the future. A combined receiver 
operating characteristic curve and specific severity score and 
functional score may solve this question.

Conclusion

We concluded that in the HFD-fed rats, the FPI force is 
correlated with neuroinflammation, apoptosis, functional 
outcome and serum TG level; serum TG is significantly 
correlated with the severity of injury in TNF-α production 
in activated microglia and astrocytes, TNFR1 and TNFR2 

Fig. 12  The association between the TC levels and the variables of interest. A scatter plot was used to display the set of the two variables of 
interest, and the strength of the linear relationship was measured using Pearson’s correlation coefficient, (n = 6 in each group)
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expression in neurons, neuronal apoptosis and infarction 
volume after FPI. Therefore, we have determined that 
serum TG is a good biomarker for neuroinflammation and 
apoptosis after different force of FPI at the  3rd day after 
TBI in a HFD rat model.
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