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Abstract. The diagnostic value of magnetic resonance spectros-
copy (MRS), T2-weighted imaging (T2WI) and serum markers 
of brain injury in a rat model of sepsis were investigated. Rats 
were randomly divided into the control group and 6, 12 and 24 h 
after lipopolysaccharide-injection groups. Brain morphology 
and metabolism were assessed with T2WI magnetic resonance 
imaging (MRI) and MRS. Serum and brain tissue samples were 
then collected to examine the concentrations of neuron‑specific 
enolase (NSE) and S100-β protein. Brain T2WI showed no differ-
ences between the groups. N-acetylaspartate/choline (NAA/Cr) 
ratio measured by MRS showed different degrees of decrease 
in the sepsis groups, and serum NSE and S100-β concentrations 
were increased compared with the control group. Apoptosis 
rates were measured in the right hippocampal area, and there 
were statistically significant differences between the indicated 
groups and the control group (p<0.05). The correlation between 
apoptosis rate and NAA/Cr ratio was closer than that between 
apoptosis rate and NSE or S100-β (-0.925 vs. 0.434 vs. 0.517, 
respectively). In conclusion, MRS is a sensitive, non-invasive 
method to investigate complications of brain injury in septic 
rats, which may be utilized for the early diagnosis of brain 
injury caused by sepsis.

Introduction

Sepsis‑associated encephalopathy (SAE) is defined as diffuse 
or multifocal cerebral dysfunction induced by the systemic 

response to infection, without clinical or laboratory evidence 
of direct brain infection (1). SAE is a common complication 
of brain injury in sepsis, with an incidence of 9-71% in the 
intensive care unit (2). In a recent epidemiological multicenter 
study, the incidence of delirium was 32.3%, in 497 patients 
with brain injury, including 76 septic patients (3). SAE is 
not only associated with increased mortality (4,5), but also 
permanent cognitive dysfunction. Presently, the diagnosis of 
SAE is a clinical challenge and involves the exclusion of other 
metabolic and structural etiologies (5). Conventional diagnostic 
techniques include electroencephalogram (EEG), detection of 
biomarkers [neuron‑specific enolase (NSE) and S100‑β] and 
magnetic resonance imaging (MRI). However, EEG findings 
are not specific for SAE, and it is often unavailable or unreliable 
for patients under sedation or with metabolic derangements (1). 
There are a number of studies suggesting that the diagnosis 
of SAE does not correlate with the concentration of NSE in 
serum (6,7). Similar studies indicate that the increase of S100-β 
in septic patients does not correlate with the severity of neuro-
logical impairment or with the outcome (8,9). Although MRI 
can identify structural abnormalities of the brain and other 
diseases, including SAE, the positive rates of SAE diagnosis 
are relatively low (10). Thus, MRI is not conducive to early 
diagnosis and timely intervention of brain injury, because of 
the deficiencies of conventional diagnostic techniques for SAE.

Magnetic resonance spectroscopy (MRS) is well-esta-
blished as a non-invasive technique for quantitative analysis 
of metabolic compounds in living tissues. The degree of 
brain damage was determined by quantitative detection of 
metabolic compounds associated with brain injury. N-acetyl-
aspartate (NAA) is a marker of the functional integrity of 
neuronal mitochondrial metabolism. Its reduction reflects 
neuronal loss or dysfunction, and is associated with cognitive 
dysfunction and the degree of brain injury (11). Choline (Cho) 
is a precursor of the neurotransmitter acetylcholine and of 
phosphatidylcholine, a major constituent of cell membranes. 
Increases in Cho reflect increased membrane synthesis and/or 
increased number of cells, and was shown to be associated 
with recovery from neuronal injury (12). In spite of its wide 
application in the diagnosis and assessment of traumatic 
brain injury, hypoxic ischemic encephalopathy, intracranial 
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infections, stroke, cancer, metabolic disorders and other 
diseases of the brain (13-15), few researchers have explored 
its role in SAE. Therefore, in the present study, we analyzed 
the association between the change of MRS and brain injury 
in the rat model of sepsis, and confirm that MRS technology 
represents a sensitive method for the early diagnosis of brain 
injury caused by sepsis.

Materials and methods

Establishment of the sepsis model. This protocol was approved 
by the Institutional Animal Care and Use Committee of 
Guangdong General Hospital (Guangdong, China). Thirty‑five 
adult Sprague-Dawley (SD) rats (weight, 250-300 g) were rand-
omly divided into 4 groups [5 in the control group, and 10 each 
in the 6, 12 and 24 h post-lipopolysaccharide (LPS)-injection 
groups]. Sepsis was induced by a single intraperitoneal admin-
istration of LPS (lot. no. B0013K030100; Sigma-Aldrich, 
St. Louis, MO, USA) at a dose of 30 mg/kg (16). Instead of 
LPS, rats in the control group received intraperitoneal injec-
tions of normal saline. After injection, all rats were housed 
in a room with temperature of 22˚C and humidity of 50%, 
with a 12-h light/dark cycle and free access to food and water. 
Clinical symptoms and survival rate were observed at the 
corresponding time-points (6, 12 and 24 h after establishing 
the sepsis model).

MRI and MRS. MRI and spectroscopy scans were performed in 
a 7 Tesla horizontal bore magnet (Bruker BioSpec 70/20 USR; 
Bruker, Karlsruhe, Germany). Rats were deeply anesthetized 
by a single intraperitoneal administration of 3% pentobar-
bital (2 ml/kg) at 6, 12 or 24 h (control group after 24 h) after 
inducing sepsis. The heads of rats were then fixed in a body 
restrainer with a tooth-bar and a cone shaped head holder. 
Body temperature was maintained at 37˚C with a body heating 
pad connected to a water heat-exchange system. Respiration 
was maintained in 800 ml/min oxygen via a nosecone and 
monitored with a pressure pad.

Morphological images were acquired using a rapid acqui-
sition relaxation-enhanced (RARE) pulse sequence with 
T2 weighting (repetition time = 2,000 msec, TE = 36 msec, 
flip angle = 90 ,̊ RARE factor = 8, average number = 8, 
slice thickness = 0.8 mm, number of slices = 16, field of 
view = 3.5x3.5 cm2 and 256x256 matrix).

Spectra were acquired on the region-of-interest of the 
right hippocampus. The pointed-resolved surface coil spec-
troscopy pulse sequence was used with the FieldMap with 
a shimming method (TR = 2,500 msec, TE = 20 msec, 
voxel volume = 2x3x3 mm3, average number 512 and acquisi-
tion points 2,048). The MRS acquired via measured signal of 
free induction decay were Fourier-transformed. The spectra 
were phased, and zero-order baseline was corrected with the 
software. Spectral windows where changes in signal intensity 
were identified contained the peaks for NAA (2.02 ppm), 
Cho (3.21 ppm) and Cr (3.03 ppm). In an effort to limit the 
sensitivity to phasing artifacts, we computed metabolite ratios 
for analysis.

Blood sampling and brain tissue preparation. Blood samples 
and brain tissue were collected immediately after obtaining 

MRI and MRS data while rats were maintained under 
anesth esia. A sternectomy was made to access the heart. A 
6-gauge needle (Beyotime, Shanghai, China) was inserted 
in the left ventricle via the apex for blood sample collection, 
and samples were then centrifuged at 2,500 x g for 10 min 
at 4˚C. The supernatant was then placed in an Eppendorf 
tube (Beyotime) and stored at ‑70˚C for detection of NSE and 
S100-β. A small opening was cut in the right auricle to allow 
automatic blood flow. First, rats were rapidly perfused through 
the left cardiac ventricle with 150 ml normal saline, and then 
perfusion speed was slowed down until clear liquid flowed 
out of the right atrium (saline perfusion time was not more 
than 5 min). Then the tissue was fixed by a fixative solution 
[150 ml of 4% paraformaldehyde and 0.1% glutaraldehyde 
in 0.1 M phosphate-buffered saline (PBS) (Biosharp, Hefei, 
China)] until the liver turned yellow and toughened, indicating 
that perfusion was successful. A craniotomy was performed, 
in which the right brain tissue was removed for dehydration 
and paraffin-embedding. Paraffin-embedded tissues were 
cut coronally into 8-µm-thick sections for hematoxylin 
and eosin (H&E) staining, Nissl staining (lot. no. 201308; 
Beyotime Institute of Biotechnology, Jiangsu, China), and 
TUNEL staining (lot. no. 11 684 817 910; Roche Diagnostics, 
Basel, Switzerland). Pathological changes of hippocampal 
tissue were observed by microscopy.

Measurement of serum markers. NSE and S100-β levels were 
analyzed by enzyme-linked immunosorbent assay (ELISA) 
using commercially available kits (NSE, lot. no. CSB-E07963r 
and S100-β, lot. no. CSB-E08066r) (both from Cusabio 
Biotech Co., Ltd., Wuhan, China) according to the manu-
facturer's instructions. Microtiter plates with the purified 
antibody-coating in the solid phase were bound by anti-NSE. 
Anti-S100-β antibody, standards and samples, biotinylated 
anti-NSE, anti-S100-β protein antibody, and HRP-labelled 
avidin were then added sequentially into micropores. After 
thorough washing, samples were developed with 3,3',5,5'-tetra-
methylbenzidine (TMB) substrate. TMB was catalyzed into a 
blue color via peroxidase and finally changed to yellow after 
acidification. The absorbance was measured with a microplate 
reader at 450 nm [optical density (OD) value], and sample 
concentrations were calculated according to the standard curve.

Statistical analysis. Statistical analyses were performed 
using SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, 
USA). All statistical assessments were two-sided, and the test 
statistics and their corresponding P-values were calculated. 
A value of p<0.05 was considered to indicate a statistically 
significant difference. Multiple comparisons of enumeration 
data were performed using the Pearson's Chi-square test or 
Fisher's exact test. Analysis of variance (ANOVA) was used for 
multiple comparisons of measurement data where the data were 
normally distributed. The least significance difference (LSD) 
test was utilized for the analysis of differences between two 
groups. The Kruskal-Wallis test was used for multiple compari-
sons of measurement data where the data were non-normally 
distributed or exhibited homogeneity of variance. The correla-
tion between variables was analyzed by the Pearson's linear 
regression test for normal distribution data or Spearman's rank-
coefficient test for non‑normal distribution data.
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Results

Clinical characteristics of the sepsis model. Among the 
30 non-control group SD rats, the mortality rates were 
30% (3/10), 40% (4/10), and 40% (4/10) in the 6, 12 and 24 h 
groups, respectively. All surviving rats showed signs of sepsis, 
such as malaise, hair-bristle, hemorrhage in the ear and nose, 
drowsiness and diarrhea. None of the aforementioned symp-
toms occurred in the control group.

Right hippocampal changes after LPS-induced sepsis. We 
first performed histopathological analysis of H&E stained 
sections. After 24 h, hippocampal tissue in rats of the control 
group showed normal neurons with intact cell structures and 
nuclear membrane integrity (Fig. 1; control). The 6 h group 
exhibited neuronal pyknosis, but no major changes in neural 
cell morphology or cell structures (Fig. 1; 6 h). Both the 12 
and 24 groups had intact histological structure, but showed 
obvious neuronal pyknosis, swelling of organelles, loss of 
plasma membrane integrity, and loss of intracellular content, 
which resulted in dramatically decreased number of neurons 
and distinctive perimicrovascular edema (Fig. 1; 12 and 24 h). 
Compared with the 6 h group, the 12 h group showed increased 
neural damage, but was similar to that of the 24 h group.

To quantify cell death, TUNEL staining was used in the 
right hippocampal area. Examination of the control group 
revealed no TUNEL-positive cells; whereas, there were a small 
number of TUNEL-positive cells within the hippocampus of 
the 6 h group. In contrast, both the 12  and 24 h groups showed 
obvious TUNEL-positive cells (Fig. 2A), and significantly 
increased formation of apoptotic bodies compared with the 
control and 6 h groups (p<0.05) (Fig. 2B). The apoptotic cells 
had small cell bodies in the plasma, and tan-color stained nuclei. 

Figure 1. Morphological damage of neurons in right hippocampal areas of septic rats (x400 magnification). The tissue and cells were normal, and there were 
no pathological changes in the control group. In the 6 h group, parts of neurons were loosely arranged. Deformation and karyopyknosis were observed in 
several neurons. In the 24 h group, the number of neurons were markedly decreased and neurons were loosely arranged. Deformation and karyopyknosis were 
observed in most neurons. The presentation in the 12 h group was quite different from that of the 6 h group, but similar to the 24 h group.

Figure 2. TUNEL staining of rat brain sections at different time-points (x400 
magnification). (A) Representative TUNEL‑positive signals of the right hip-
pocampal area in control, 6, 12 and 24 h groups. (B) Quantification of TUNEL 
results. Data were calculated with the average number of TUNEL-positive 
signals in five different fields. A statistically significant difference between 
the indicated group and the control group (*p<0.05). A statistically significant 
difference between the indicated group and the 6 h group (#p<0.05).
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In addition, they had irregular shapes and were inconsistent in 
size, showing nuclear condensation and fragmentation of some 
nuclei, as well as formation of apoptotic bodies.

Nissl staining was then used to evaluate neuron viability 
at the different time-points. When rats were subjected to 
sepsis, injured neurons were characterized by cytoplasmic 
shrinkage, nuclear pyknosis and hyperchromasia. Rats in the 
control group (Fig. 3, control) did not exhibit any damage or 
changes in neuronal morphology. Some dead/dying neurons 

were observed as small, darkly stained, shrunken cells formed 
in the 6 h group (Fig. 3; 6 h). Compared with the 6 h group, 
rats in the 12 and 24 h groups had more extensive neuronal 
loss (Fig. 3; 12 and 24 h).

MRI. To evaluate the diagnostic value of MRI on brain damage 
of septic rats, we observed the brain tissue of septic rats at 6, 
12 and 24 h after LPS-injection and in the control group using 
T2‑weighted axial imaging. There were no significant changes 

Figure 3. Nissl staining of rat brain sections at different time‑points (x400 magnification). Injured neurons were characterized by cytoplasmic shrinkage, 
nuclear pyknosis and hyperchromasia. Note the abundance of small, darkly stained, dead/dying neurons with remarkable shrinkage in the right hippocampal 
area. No abnormal Nissl bodies were found in the control group. In the 6 h group, several cell bodies were pyknotic and deformed. Representative sections 
from rats after LPS injection show a major dead/dying pattern in the 12 and 24 h groups. LPS, lipopolysaccharide.

Figure 4. Representative T2WI MRI of the control and LPS‑injected groups at the selected time‑points. The results showed no significant changes at any of 
the time-points. White squares on the right hippocampus indicate regions of interest selected for MRS analysis. T2WI, T2-weighted imaging; MRI, magnetic 
resonance imaging; LPS, lipopolysaccharide; MRS, magnetic resonance spectroscopy.
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at any of the time-points. No high-signal lesions (indicative 
of cytotoxicity or vasogenic brain edema) or swelling of the 
lateral ventricles were evident (Fig. 4).

In vivo 1H MR spectra. Proton spectra (Fig. 5A) were acquired 
in a cubic volume of 18 µl in the right hippocampus of the 
control and LPS-injection groups, and the relative amounts 
of total NAA and Cr compounds were determined after the 
identification of their respective peaks (Fig. 5B). Compared 

with the control group, a strong decrease was seen in the 
N-acetylaspartate/choline (NAA/Cr) ratio at the different 
time-points after LPS-injection, and the NAA/Cr ratio in the 
12 and 24 h groups showed a stronger decrease compared with 
the 6 h group (p<0.05).

Measurement of NSE and S100-β. Both serum NSE and 
S100-β levels at the different time-points after LPS-induced 
sepsis were higher than in the control group (Figs. 6 and 7). 

Figure 5. In vivo 1H MR spectroscopic analysis of brain metabolites. (A) Representative spectra obtained and close-up views of the spectral region encompassing 
the Cho, Cr and NAA peaks for the control, 6, 12 and 24 h groups. The peaks used in the calculation of the ratios are markedly visible at 3.03 and 2.02 ppm for 
total Cr and NAA, respectively. (B) Average values ± SEM of the peak value ratios of NAA to total Cr in each group. We observed a significant reduction in 
NAA/Cr ratio. A statistically significant difference between the indicated group and the control group (*p<0.05). A statistically significant difference between 
the indicated group and the 6 h group (#p<0.05). MR, magnetic resonance; Cho, choline; NAA, N-acetylaspartate.

Figure 6. Serum NSE levels in the control group and at different time-points 
after LPS-induced sepsis. Serum NSE levels in the 6, 12 and 24 h groups 
were higher than in the control group. Data are presented as median with 
interquartile ranges. Median NSE values were 0.22 vs. 4.40 vs. 5.58 
vs. 2.01 ng/ml for the control, 6, 12 and 24 h groups, respectively. *p<0.05. 
NSE, neuron‑specific enolase; LPS, lipopolysaccharide.

Figure 7. Serum S100-β levels in the control group and at different time-points 
after LPS-induced sepsis. Serum S100-β levels in the 6, 12 and 24 h groups 
were higher than in the control group. Data are presented as median with 
interquartile ranges. Median S100-β values were 7.86 vs. 112.12 vs. 92.78 
vs. 80.37 pg/ml for the control, 6, 12 and 24 h groups, respectively. *p<0.05. 
LPS, lipopolysaccharide.
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There were statistically significant differences in both 
serum NSE and S100-β levels between the control and 6 h 
groups (p<0.05). In addition, there was a statistically significant 
difference in serum S100-β levels between the control and 12 h 
groups (p<0.05). However, there were no statistically significant 
differences in serum NSE or S100-β levels between the 6, 12 h 
or 24 h groups (p>0.05).

Correlation analysis between two variables. The correlation 
between apoptosis rate and the NAA/Cr ratio was stronger 
than that between apoptosis rate and NSE or S100-β (-0.925 
vs. 0.434 vs. 0.517, respectively) (Table I).

Discussion

Although the pathogenesis of SAE is still unclear, early 
diagnosis and treatment are critical to reduce mortality and 
disability from brain damage in septic patients. However, the 
methods of assessing brain injury such as EEG (1), T2WI (10), 
NSE (6,7) and S100-β (8,9) have limitations. Brain MRS 
is a non-invasive method to measure the concentrations of 
biochemical compounds in MRI‑specified areas of cerebral 
tissue (17). This technique offers the ability to acquire in vivo 
data on biochemical compounds with negligible influence on 
the disease process, and allows the detection of even small 
deviations of normal brain function in humans and animal 
models (18). Here, we report the implementation of brain 
T2-weighted imaging (T2WI), proton spectroscopy and serum 
markers including NSE and S100-β, in LPS-induced septic rats. 
The results were compared with histopathological analysis. 
Overall, compared with T2WI and serum markers, the results 
obtained by MRS were closer to the histopathological results of 
neuronal damage. The results of our study contribute valuable 
and novel information for the early diagnosis of brain injury 
caused by sepsis.

The histopathology presented herein indicates that brain 
damage can be detected by any kind of dye used in the present 
study in the early (up to 6 h) period of LPS-induced sepsis in 
rats. In addition, compared with the control group, the damage 
in the 12 and 24 h groups was most severe. Messaris et al (19) 
confirmed the presence of apoptosis in the hippocampus, and 
this process began 6 h after initiation of experimental sepsis 
and increased in the late phases of sepsis. The importance 
of apoptosis in the immunologic and pathological mecha-
nisms of sepsis has been recognized (20). However, in 1998, 
Mouihate and Pittman (21) found no evidence of apoptosis 
in the hippocampus and other brain regions of rats 5.5 h and 

5 days after intraperitoneal injection of LPS. The reasons for 
the discrepancy in these results remain unclear. It may be 
related to several factors, such as differences in species or 
age of rats, different amounts of LPS, or the time-points of 
observation.

In the present study, little to no changes in T2WI could 
be detected either in the early (6 h) or late (24 h) phase of 
LPS-induced sepsis in rats. Although MRI can be utilized for 
the exclusion of cerebral dysfunction from other cerebrovas-
cular conditions, it is not a specific test for SAE (1). In fact, we 
report that rats began to have symptoms of brain disorder in 
the early period of sepsis, such as mental fatigue and drowsi-
ness, and pathological analysis also indicated brain damage, 
but the results from MRI showed normal brain. However, 
it was recently revealed that accumulation of vasogenic 
edematic fluid at the base of the brain was observed by T2WI 
at 6 and 24 h after cecal ligation and puncture (CLP)-induced 
sepsis (18). This apparent discrepancy may have been because 
of the differences in the experimental models. The inflamma-
tory processes mediated by CLP are more intensely stimulated 
by polymicrobial sepsis.

MRS measurements indicated alterations in the NAA/Cr 
ratio. These were clearly apparent in the hippocampus of septic 
rats as early as 6 h after LPS-induction. Moreover, the decrease 
in NAA/Cr ratio in the hippocampus was more significant at 
12 and 24 h. Similar findings were reported by Bozza et al at 
6 and 24 h after experimental sepsis (18). However, our study 
confirms the presence of apoptosis by TUNEL staining, and 
the results showed that the decrease in NAA/Cr ratio was 
consistent with the apoptosis rate. This indicates that the 
induction of apoptosis in the hippocampus is an important 
component of the pathogenesis of brain dysfunction in sepsis, 
as confirmed earlier by Sharshar et al (22). Taken together, our 
findings indicated that neuronal damage was accompanied by 
decreased NAA levels in septic rats (23-25).

Some researchers believed that NSE and S100-β may be 
biomarkers of brain damage, and can be used as a testing 
index for sepsis in clinic (1,26). Here, we compared the levels 
of NSE and S100-β in the 6, 12 and 24 h, and control group. 
The results showed that although the protein concentrations of 
NSE and S100-β were different in the serum of each group, the 
statistical differences were inconsistent with the pathological 
analyses. The results of our study are consistent with those 
of others that showed no correlation between serum concen-
trations of NSE and S100-β and the severity of SAE (7,8). 
Specifically, they asserted that the rise of S100‑β concentration 
may originate from outside the brain (the amount of S100-β in 
chondrocytes and adipose cells is 1/4 that of the brain).

Despite the novelty of our findings, we acknowledge some 
limitations to our study. In this study, we did not monitor blood 
pressure during the MRS procedure. Therefore, we cannot 
rule out the influence of hemodynamics on the complications 
of brain damage after LPS-induced sepsis. However, it was 
shown that rats subjected to CLP (with a mortality rate of 43%) 
did not exhibit alterations in mean whole or local brain blood 
flow, and the authors concluded that brain dysfunction is not a 
consequence of changes of cerebral blood flow during severe 
sepsis (25). Moreover, there was an absence of EEG moni-
toring because the MRS procedure requires a better condition. 
These areas will be investigated in our future studies.

Table I. Correlation between two variables.

Items r-values P-values

Apoptosis rate and NAA/Cr ratioa -0.925 0.000
Apoptosis rate and NSE 0.434 0.566
Apoptosis rate and S100-β 0.517 0.483

ap<0.05 correlation between two variables. NAA, N-acetylaspartate; 
NSE, neuron‑specific enolase.
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Taken together, relative to T2WI and serum biomarkers, 
our observations indicate that MRS is a suitable non-invasive 
method to investigate the complications of brain damage in 
septic rats. Significant quantitative changes were detected in 
the metabolic profiles of septic animals, which were consistent 
with the apoptosis rate, and may ultimately result in improve-
ments of the diagnostic accuracy and severity assessment of 
SAE in patients.
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