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Abstract 

Neuroinflammation is considered to be the pathogenesis of hepatic encephalopathy (HE), and 
imaging neuroinflammation is implicated in HE management. 11C-PK11195, a typical translocator 
protein (TSPO) radiotracer, is used for imaging neuroinflammation. However, it has inherent 
limitations, such as short half-life and limited availability. The purpose of this study was to 
demonstrate the efficiency of new generation TSPO radiotracer, 18F-DPA-714, in detecting and 
monitoring neuroinflammation of chronic HE. This study was divided into two parts. The first part 
compared 18F-DPA-714 and 11C-PK11195 radiotracers in ten HE induced rats [bile duct ligation 
(BDL) and fed hyperammonemic diet (HD)] and 6 control rats. The animal subjects underwent 
dynamic positron emission tomography (PET) during 2-day intervals. The 11C-PK11195 PET study 
showed no differences in whole brain average percent injected dose per gram (%ID/g) values at all 
time points (all P>0.05), while the 18F-DPA-714 PET study showed higher whole brain average 
%ID/g values in HE rats compared to control group rats at 900 s to 3300 s after injecting 
radiotracer (all P<0.05). The second part of the study evaluated the effectiveness of ibuprofen 
(IBU) treatment to chronic HE. Forty rats were classified into six groups, including Sham+normal 
saline (NS), Sham+IBU, BDL+NS, BDL+HD+NS, BDL+IBU, and BDL+HD+IBU groups. 
18F-DPA-714 PET was used to image neuroinflammation. Whole and regional brain average %ID/g 
values, neurological features, inflammatory factors and activated microglia showed better in the 
IBU groups than in the NS groups (all P<0.05) and no difference was seen in the Sham groups 
compared to IBU groups (all P>0.05). In conclusion, this study demonstrated that 18F-DPA-714 is 
an ideal TPSO radiotracer for imaging neuroinflammation and monitoring anti-neuroinflammation 
treatment efficacy of chronic HE. 
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Introduction 
Hepatic encephalopathy (HE) is a fatal 

complication of liver disease that is characterized by a 
wide range of neuropsychiatric disturbances from 

altered mental status to impaired cognitive and 
decreased motor coordination, that can ultimately 
progress to stupor and coma [1, 2]. Recent studies 
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indicated that hyperammonaemia and 
neuroinflammation have synergistic roles in inducing 
neurological alterations in HE [1, 3]. Additionally, 
neuroinflammation has been reported to be involved 
as an important biomarker for monitoring disease 
progression in other neurological diseases, such as 
Alzheimer's disease [4, 5]. Thus, in vivo detection and 
monitoring of neuroinflammation have important 
implications in the management of HE and 
neurological diseases.  

Molecular imaging is a potential method for in 
vivo visualization of neuroinflammation. The 18 kDa 
translocator protein (TSPO) is an ideal target for 
neuroinflammation imaging [6, 7]. TSPO is primarily 
located in the outer mitochondrial membrane. It 
regulates the transportation of cholesterol into the 
mitochondria for steroid synthesis. TSPO is also 
expressed in steroid-synthesizing cells, and is poorly 
expressed in the brain under healthy conditions [6-8]. 
Many studies have shown that TSPO expression is 
upregulated in activated microglial cells in response 
to inflammation or injury to the brain [6, 9, 10]. 
Consequently, TSPO may constitute a biomarker of 
brain inflammation and reactive gliosis. Increased 
binding of TSPO ligands reflects increased microglia 
activation, which is a key event of neuroinflammation 
[11-13]. TSPO expression has been found to be 
increased in HE animal models, such as those with 
portacaval shunt (PCS), bile duct ligation (BDL), acute 
liver failure [14], and even in the brains of patients 
with cirrhosis who died from hepatic coma [6,15], 
indicating the role of neuroinflammation in the 
pathogenesis of HE. Thus, in vivo imaging of TPSO 
expression can indicate neuroinflammation by using 
positron emission tomography (PET) with TSPO 
ligands as molecular imaging agents [6, 7, 10]. 

11C-PK11195 (11C-N-methyl-N-[1-methylpropyl]- 
1-[2-chlorophenyl]-isoquinoline-3-carboxamide) was 
the first developed TSPO radiotracer for 
neuroinflammation PET imaging, and it has been 
used in vivo to visualize microglia activation of 
neuroinflammation [13, 16]. However, 11C-PK11195 
has not been widely adopted in clinical applications. 
The 11C radiotracer is highly lipophilic, resulting in 
high non-specific binding in the brain and a poor 
signal-to-noise ratio [11, 17]. Additionally, an on-set 
cyclotron and essential facilities are needed to work 
with 11C-PK11195, due to its short half-life and limited 
availability [11]. Thus, it is necessary to investigate 
novel radiotracers which have high specific binding in 
the brain and are clinically practical. Of the developed 
novel radiotracers, N, N-Diethyl-2-(2-(4-(2-[18F] 
fluoroethoxy) phenyl)-5, 7-dimethylpyrazolo [1, 5-a] 
pyrimidin-3-yl) acetamide (18F-DPA-714) has a high 
specificity and binding potential to TSPO and has 

already been applied in studying neuroinflammation 
in many neurological diseases [18-20]. However, the 
use of 18F-DPA-714 as a neuroinflammation 
radiotracer in HE has not been reported.  

In this study, we first compared the uptake 
values of two radiotracers, 11C-PK11195 and 
18F-DPA-714, for in vivo imaging of 
neuroinflammation in rats with BDL and 
hyperammonemic diets (HD), which induced 
hyperammonemia and chronic liver failure to 
simulate HE [2, 21, 22]. We found that 18F-DPA-714 
might be more suitable for neuroinflammation 
imaging for chronic HE rats because of significantly 
statistical difference. Then we used the appropriate 
radiotracer, 18F-DPA-714, to investigate the 
anti-neuroinflammatory treatment efficacy of 
ibuprofen (IBU) in the chronic HE rats. Accordingly, 
this study could provide a novel approach for in vivo 
neuroinflammatory monitoring in chronic HE. 

Methods 
Subjects 

The protocols and procedures were approved by 
the local Animal Experimental Ethics Committee of 
Jinling Hospital, Medical School of Nanjing 
University, Nanjing, China. Fifty-six male Sprague- 
Dawley rats (180-250 g) [Shanghai Slac Laboratory 
Animal CO., LTD, Shanghai, China (license number: 
SCXK (Hu) 2012–0002)] were housed under controlled 
temperature (20-24°C) and relative humidity (40-70%) 
conditions with a 12-12 hour light-dark cycle, and fed 
commercial rat food and tap water. First, two groups 
were used for the 11C-PK11195 and 18F-DPA-714 
comparison study: Sham group (n =6) and BDL+HD 
group (n =10). Six groups were involved in the study 
of ibuprofen (IBU) treatment to HE: Sham + normal 
saline (NS), Sham+IBU, BDL+NS, BDL+HD+NS, 
BDL+IBU, and BDL+HD+IBU (n=6 for Sham+NS and 
Sham+IBU groups, n=7 for other 4 groups). 

Bile Duct Ligation 
Rats were general anesthetized by using 10% 

chloral hydrate (Sigma, Missouri, USA) solution 
injected intraperitoneally in 0.3 ml/100 g of body 
weight. Under sterile condition, a midline incision 
was made at upper abdomen, and the common bile 
duct was segregated, doubly ligated below the 
bifurcation close to the liver, and served between the 
two ligatures [2, 21, 22]. Sham group rats were 
operated in a similar manner except for the bile duct 
ligation and abscission [2, 21, 22]. 

Induction of Hyperammonemia 
We included the HD group due to the fact that 

feeding ammonium acetate could increase blood 
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ammonia and further exacerbate HE conditions [21, 
23, 24]. The rats of the HD group were given high 
concentrate ammonia water daily by intragastric 
administration in 1 ml/100 g of body weight three 
weeks after the BDL surgery until their sacrifice [21, 
25]. The ammonia water was prepared by dissolving 
ammonium acetate (Sinopharm Chemical Reagent 
Co., Ltd, Shanghai, China) in distilled water (50% 
w/w). 

Treatment with Ibuprofen 
Rats were treated daily with Ibuprofen (Vetec, 

Shanghai, China) or saline 10 days after operation and 
maintained until sacrifice. Ibuprofen in sterile saline 
was injected intraperitoneally at 30 mg/kg per day in 
0.5 ml/100 g of body weight. Control rats were 
intraperitoneally injected with the same volume of 
saline [2, 26, 27]. 

Behavior Studies  
Behavior tests were performed before micro-PET 

scan and all behavior assessments were started at least 
1.5 hours after gavage administration and injection of 
ibuprofen or saline. Rotarod and beam walking tests 
were used as previously described to evaluate the 
motor coordination and tolerance of the rats [21, 28]. 
Locomotor and vertical activity was also assessed 
with the previously described methods [2, 21, 27, 28]. 
The detailed methods of these tests can be found in 
the supplementary materials. 

Micro-PET Scans 
Twenty-eight days after BDL or sham operation, 

rats were anaesthetized by isoflurane inhalation 
(induction: 3% and thereafter 2–2.5%) in oxygen. The 
radioactive tracers of 11C-PK11195 and 18F-DPA-714 
were injected intravenously in the tail vein. 
11C-PK11195 [29, 30] and 18F-DPA-714 [19, 31, 32] were 
synthesized as previously described, the detailed 
methods can be seen in the supplementary materials. 
The animals were scanned by an Inveon small animal 
micro-PET scanner (Siemens Healthcare GmbH, 
Erlangen, Germany) in prone position. The 
parameters of micro-PET scan were as follows: slice 
thickness = 0.78 mm, matrix size = 128 × 128, field of 
view (FOV) = 4 × 4 cm2, energy levels of acquisition: 
350 ~ 650 keV [33]. 

For 11C-PK11195 vs 18F-DPA-714 PET imaging 
study, 5 rats in the Sham group (one rat had died 
during surgery) were scanned with 11C-PK11195 first 
and then 18F-DPA-714 within 48 hrs. In the BDL+HD 
group, 3 rats had died of severe abdominal infection 
and liver failure (only one rat underwent 11C-PK11195 
PET imaging). Finally, 7 rats were scanned with both 
11C-PK11195 and 18F-DPA-714 within 48 hours. Due to 
the different half-lives of 11C and 18F radiotracers, 

micro-PET scans included dynamic and static image 
acquisition for longitudinal observation. A 30-minute 
dynamic acquisition was performed after 11C-PK11195 
injection and a 10-min static micro-PET scan was 
performed one hour after 11C-PK11195 injection. 
Dynamic acquisition with 18F-DPA-714 was 
performed for one hour after venous injection and the 
10-min static 18F-DPA-714 imaging was performed 2 
hours after tracer injection. The dynamic acquisition 
was divided into 6 time points with 5 min interval for 
11C-PK11195 PET imaging and 10 min interval for 
18F-DPA-714 PET imaging. The mean injected 
radioactivity of 11C-PK11195 in BDL+HD rats (12.6 ± 
1.3 MBq) was not significantly different from Sham 
rats (10.8 ± 3.5 MBq, P = 0.209), while the mean 
injected radioactivity of 18F-DPA-714 in BDL+HD rats 
(13.9 ± 1.3 MBq) was not significantly different from 
Sham rats (15.2 ± 2.5 MBq, P = 0.288). 

For the IBU treatment study, the rats in 
Sham+NS (n = 5, one rat died of postoperative 
infection), Sham+IBU (n = 6), BDL+NS (n=6, one rat 
did not perform micro-PET scan because of its poor 
condition), BDL+IBU and BDL+HD+NS (n = 6 for 
each group, one rat died of severe abdominal 
infection for each group), BDL+HD+IBU (n = 5, 2 rats 
died of severe abdominal infection) groups performed 
10-min static PET acquisition at 50 min time point 
using 18F-DPA-714 based on the above-mentioned 
study. Based on the shorter imaging time after 
injecting 18F-DPA-714, we lowered the injected 
radioactivity in the second part of this study. The 
mean injected radioactivity of 18F-DPA-714 in all 
groups was 8.2 ± 1.2 MBq, and there were no 
differences among six groups (P = 0.201). 

Image Analysis  
18F-DPA-714 data of two rats in BDL+HD and 

Sham+IBU groups (n = 1 for each group) were 
excluded for marked head motion during imaging 
acquisition. All images were reconstructed using a 
three-dimensional ordered-subset expectation 
maximum algorithm (3D OSEM) after micro-PET 
acquisition. PMOD 3.0 version software (PMOD 
Technologies LTD, Zurich, Switzerland) was used to 
evaluate global and regional brain uptake of 
radiotracer. The software automatically drew 58 
regions of interest (ROI) within the brain avoiding the 
effect of peripheral vessels and tissues which showed 
higher tracer distribution, segmented brain regions, 
and gave the corresponding radioactivity 
concentration values. The image derived tissue 
uptake value was obtained by dividing tissue 
radioactivity with injected dose assuming the tissue 
density is 1 g/ml, presented as percent injected dose 
per gram (%ID/g) [20].  
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Biochemical Characterization 
Determination of Plasma Ammonia. One day 

before micro-PET imaging, rats were deep 
anesthetized by 10% chloral hydrate (Sigma, Missouri, 
USA), the canthus blood (0.5~1 mL) was collected to 
measure venous blood ammonia levels in the 
morning. After centrifugation at 4500 g for 10 minutes 
at 4 °C, the supernatants were collected. The 
supernatants were used to measure ammonia levels 
by Lambda 35 (PerkinElmer, Massachusetts, USA). 
Assays were performed on Costar 96-well plates 
(Corning, New York, USA) [21]. 

Determination of Liver Function Indicators. 
The second day after micro-PET scan, blood samples 
were collected from carotid artery after deep 
anesthetized by 10% chloral hydrate (Sigma, Missouri, 
USA). The biochemical indicators of liver function, 
including alanine aminotransferase (ALT), aspartate 
transaminase (AST), total proteins, and bilirubin, 
were measured by correspondent kits (Nanjing 
Jiancheng Bioengineering Institute, Jiangsu, China) 
using an autoanalyzer AMS-300 (Beijing Option 
Science & Technology Development CO., LTD, 
Beijing, China) [21]. 

Inflammatory Markers Measurement. The 
obtained blood samples were collected in Vacutainer 
tubes containing ethylene diamine tetraacetic acid 
(EDTA), centrifuged at 400 g for 3 minutes at 4°C, and 
stored at -80°C until the measurement was conducted. 
Interleukin (IL)-1β, IL-6 and tumor necrosis factor 
alpha (TNF-α) were determined by enzyme-linked 
immune sorbent assay (ELISA) kits (Abcam, 
Cambridge, UK) [2, 21]. 

Histopathologic Examination and 
Immunohistochemistry 

After blood samples were collected, all rats were 
transcardially perfused with 150-200 mL saline, 
followed by 200 mL phosphate buffered saline (PBS, 
pH = 7.4) for 20-30 min. Liver and brain specimens 
were removed and fixed in 10% neutral buffered 
formaldehyde for 24 hours, and embedded in 
paraffin. Specimens were then cut to a thickness of 5 
μm using a vibratome. The hematoxylin-eosin (H&E) 
staining of liver samples was done by the 
conventional method [22]. For brain immunohisto-
chemistry, free-floating immunohistochemistry was 
performed as described by previous studies [2, 28]. 
For staining of microglia, rabbit anti-mouse CD11b 
antibody (1:500; Abcam, Cambridge, UK) was used as 
the primary antibody. The secondary antibody was a 
goat anti-rabbit immunoglobulin G (1:500; Vector, 
Burlingame, California, USA), which was detected by 
using the horseradish peroxidase (HRP) method. The 
detailed method can be found in supplementary 

materials. As previously described [1, 2, 5, 21], the 
typical morphology of resting microglia is ramified, 
while the activated microglia is transferred into a rod 
or ameboid shape. CD11b immunoreactive microglia 
cells in basal ganglia were quantified according to 
Rodrigo et al’s method [2]. Histomorphometric 
analysis was performed with a photomicroscope and 
digital camera (Olympus IX71, Tokyo, Japan). 

Statistical Analysis 
Software (SPSS version 16.0; SPSS, Chicago, Ill) 

was used for statistical analysis. Quantitative data 
were expressed as mean ± standard deviation (SD), 
and the results of each group followed a normal 
distribution. When only two groups were compared, 
independent-samples t-test was used. Pearson 
correlation analysis was used investigate the 
relationship between systemic inflammatory factors 
and radiotracer uptake values. Significance between 
multiple groups was evaluated by one way analysis of 
variance (ANOVA) followed by a Newman–Keuls 
post hoc test [2, 21]. P value <0.05 was regarded as 
statistically significant. 

Results 
Comparative study of 11C-PK11195 and 
18F-DPA-714 micro-PET imaging 

Mortality of BDL+HD group animals was 30% 
(3/10) due to severe abdominal infection. The 
BDL+HD group rats showed significant liver failure 
and hyperammonemia compared with controls (Table 
1). The level of IL-6 in BDL+HD group was higher 
than that in Sham group (Table 1). An increase trend 
of IL-1β and TNF-α levels in BDL+HD group was 
seen, however, the difference was not statistically 
significant (Table 1).  

 
 
 

Table 1. Comparison of Biochemical Measurements between 
Sham and BDL+HD Groups. 

Parameters Sham BDL+HD T P 
Plasma ammonia (μmol/L) 86.5±16.5 187.0±36.3 -5.59 0.002** 
ALT (KarU) 3.1±1.0 17.7±5.2 -6.14 0.003** 
AST (KarU) 13.8±3.2 33.7±13.4 -3.28 0.028* 
Total protein (g/L) 32.9±3.6 22.9±4.1 4.72 0.001** 
Bilirubin (μmol/L) 8.0±0.8 15.6±2.5 -7.13 <0.001*** 
IL-1β (pg/ml) 874.0±44.3 1170.05±309.5 -1.89 0.107 
IL-6 (pg/ml) 46.9±2.2 54.3±2.9 -4.45 0.003** 
TNF-α (pg/ml) 98.6±10.7 121.29±25.4 -2.01 0.086 
Note: Values are the mean ± standard deviation from at least 4 rats per group.  
BDL=bile duct ligation; HD=hyperammonemic diet; ALT=alanine 
aminotransferase; AST=aspartate transaminase; IL=interleukin; TNF-α=tumor 
necrosis factor alpha. 
* P<0.05, ** P<0.01, and *** P<0.001 are regarded as statistically significant. 
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The behavior studies showed the rats of 
BDL+HD group had significant impairment of motor 
activity, coordination and tolerance (Figure 1). The 
rats of the Sham group stayed on the rotarod longer 
than BDL+HD group (Figure 1A). The time to cross 
the beam and number of foot faults of BDL+HD rats 
were significantly higher compared to the Sham rats 
(Figure 1B), while crossovers and rearing numbers in 
the chamber within 15 min for BDL+HD rats were 
significantly lower compared to the Sham rats (Figure 
1C), indicating the impairment of spontaneous motor 
activity in a new environment for BDL+HD rats. 

The global brain uptake values of 11C-PK11195 in 
BDL+HD rats were not significantly different from 
Sham rats at all time points (all P > 0.05) (Figure 2A, 
Supplementary Table S1). Thus, 11C-PK11195 was not 
further investigated in the second section of this 
study. Global brain uptake values of 18F-DPA-714 in 
BDL+HD rats were significantly higher than Sham 
rats at 900 s, 1500 s, 2100 s, 2700 s, and 3300 s time 
points (all P＜0.05) (Figure 2B, Supplementary Table 

S2). 18F-DPA-714 radioactivity was attenuated rapidly 
in the early stage of dynamic acquisition and 
18F-DPA-714 uptake at 2700 s and 3300 s trended 
toward stability (Figure 2B), therefore we chose the 
data at time points 2700 s and 3300 s to analyze 
18F-DPA-714 uptake in regional brain areas. At the 
two time points, multiple brain regions in BDL+HD 
group showed higher 18F-DPA-714 uptake values than 
the Sham group (all P < 0.05), including the bilateral 
basal ganglia, cingulate cortex, hippocampus, 
somatosensory cortex, thalamus, midbrain, 
cerebellum, pons, and medulla (Figure 3, 
Supplementary Table S3). The uptake values at 2700 s 
and 3300 s time points after intravenous 
administration of 18F-DPA-714 showed positive 
correlation with the IL-1β (r = 0.808 and 0.721, P = 
0.015 and 0.044, respectively), IL-6 (r = 0.924 and 
0.870, P <0.001 and P = 0.002, respectively), and 
TNF-α levels (r = 0.760 and 0.716, P = 0.011 and 0.020, 
respectively). 

 

 
Figure 1. Behavioral tests results in Sham group and BDL+HD group. Rotarod (A), beam walking (B), and motor activity (C) tests show that the values are significantly 
different from Sham rats. All behavioral test results show significant difference between the two groups. * P<0.05, ** P<0.01, *** P<0.001. BDL=bile duct ligation; 
HD=hyperammonemic diet. 

 

 
Figure 2. Time activity curves of 11C-PK11195 (A) and 18F-DPA-714 (B) in global brain, expressed as %ID/g of tissue. 11C-PK11195 uptake values show no 
significant difference between the two groups, while 18F-DPA-714 uptake values in BDL+HD rats were higher than Sham rats at 900 s, 1500 s, 2100 s, 2700 s, and 3300 s time 
points. * P<0.05, ** P<0.01. BDL=bile duct ligation; HD=hyperammonemic diet. 
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Figure 3. Representative 18F-DPA-714 micro-PET images of several regional brain regions at 2700 s and 3300 s time points between Sham and BDL+HD 
groups. Representative micro-PET images at 2700 s and 3300 s time points in cerebellum, cortex cingulate, caudate putamen, hippocampus, and thalamus show that Sham 
operated rats have lower 18F-DPA-714 uptake values (%ID/g) than BDL+HD rats. BDL=bile duct ligation; HD=hyperammonemic diet; L=left; R=right. 

 
After more than 28 days post-surgery, the liver 

weight of BDL+HD rats (24 ± 5 g) was significantly 
heavier than Sham rats (14 ± 4 g, P = 0.010), indicating 
that the livers after BDL surgery were compensatory 
hyperplasia (Supplementary Figure S1A). The liver 
H&E staining revealed the evidence of biliary 
cirrhosis in BDL+HD rats (Supplementary Figures 
S1B and S1C). CD11b immunohistochemistry analysis 
of microglia showed the microglial cells of basal 
ganglia, hippocampus, thalamus, and cerebellum in 
Sham rats were ramified, which is the typical 
morphology of resting microglia (Supplementary 
Figure S2A). While in BDL+HD rats, the microglia in 
these brain regions showed ameboid shapes, 
suggesting that the microglia had been activated for 
neuroinflammation (Supplementary Figure S2B). It 
was also noted that the amount of CD11b 
immunoreactive microglia in the basal ganglia of 

BDL+HD rats was 16.0 ± 4.1 cells/mm2, which was 
significantly higher compared to Sham rats (10.0 ± 1.9 
cells/mm2, P < 0.01).  

18F-DPA-714 micro-PET imaging of ibuprofen 
treatment to chronic HE 

The mortality rate of IBU treated BDL and 
BDL+HD rats was 21% (3/14) higher than the 
mortality rate of NS treated BDL and BDL+HD rats 
(7%, 1/14), which can be explained by severe 
abdominal infection rather than HE. Although IBU 
did not affect blood ammonia level in HE rats, IL-6 
and TNF-α levels showed significant difference 
between each group (Table 2), indicating that IBU 
could inhibit the expression and release of 
inflammatory factors.  

Behavioral studies showed statistical difference 
among 6 groups (all P <0.01), while no significant 
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differences were observed between Sham+NS and 
Sham+IBU rats, between BDL+NS and BDL+HD+NS 
rats, and between BDL+IBU and BDL+HD+IBU rats 
(all P > 0.05) (Figure 4). IBU treated rats also showed 
no significant differences for behavioral studies 
compared to Sham operated rats, while NS treated 
BDL and BDL+HD rats were significantly different 
from IBU treated rats and Sham operated rats (Figure 
4). These results indicated that IBU treatment could 
restore motor function of chronic HE rats including 
motor activity, motor coordination, and tolerance. 

18F-DPA-714 was used to evaluate the IBU 
treatment efficacy of neuroinflammation in chronic 
HE. This study showed that no significant difference 
was found for global brain uptake values at 3000 s 
time point between Sham+NS and Sham+IBU groups 
and between BDL+NS and BDL+HD+NS groups (P = 
0.557 and 0.788, respectively) (Figure 5A, 

Supplementary Table S4). NS treated rats had the 
same level of global brain radiotracer uptake values as 
control rats. Both IBU treated BDL and BDL+HD rats 
showed lower uptake values than the NS treated and 
control rats, while BDL+IBU rats showed lower global 
brain radiotracer uptake values compared to the 
BDL+HD+IBU rats (P = 0.016) (Figure 5A, 
Supplementary Table S4). In the regional brain 
comparison, average %ID/g values of multiple 
regional brain areas including bilateral basal ganglia, 
cingulate cortex, motor cortex, somatosensory cortex, 
auditory and visual cortex, hippocampus, thalamus, 
midbrain, and cerebellum grey matter had significant 
differences among each group (all P<0.01). Average 
%ID/g values of these brain regions in IBU treatment 
groups were lower than those of NS treatment 
groups, and were similar as those of Sham groups 
(Figure 5B, Supplementary Table S4).  

Table 2. Comparison of Biochemical and Histopathological Measurements among 6 Groups. 

Parameters Sham+NS Sham+IBU BDL+NS BDL+HD+NS BDL+IBU BDL+HD+IBU F P  
Plasma ammonia 
(μmol/L) 

78.0±14.3cc dd ee 77.1±15.3cc dd ee 137.7±24.0aa bb c d 199.4±41.8aa bb 149.4±8.8aa bb d 202.5±33.1aa bb e 30.64 <0.001*** 

ALT (KarU) 6.4±0.7cc dd ee 6.9±1.4cc dd ee 12.5±3.7aa bb 13.5±3.3aa bb 13.2±4.6aa bb 12.9±3.1aa bb 7.39 <0.001*** 
AST (KarU) 15.0±3.5cc dd e 16.9±5.7cc dd 28.7±6.8aa b 36.5±15.8aa bb 27.9±4.2a 37.9±7.4aa bb 6.76 <0.001*** 
Total protein (g/L) 33.4±3.7cc dd ee 35.7±5.6cc dd ee 22.1±3.1aa bb 24.5±1.9aa bb 24.5±2.8aa bb 22.5±4.1aa bb 16.78 <0.001*** 
Bilirubin (μmol/L) 8.1±1.1e 5.0±2.1c d ee 19.5±3.9b 26.6±11.0b 23.2±5.6a bb 20.0±5.7b 11.93 <0.001*** 
IL-1β (pg/ml) 894.3±25.4 829.1±132.3 1135.9±264.8 1255.3±365.6 930.8±122.7 979.4±253.1 1.68 0.184 
IL-6 (pg/ml) 48.1±1.8cc 44.9±3.0cc 51.1±2.2bb e 54.1±4.3aa bb dd ee 46.1±2.7cc 47.9±1.1cc 6.27 0.002** 
TNF-α (pg/ml) 95.1±14.1c 91.6±17.6cc 116.7±14.8 132.4±24.6a bb e d 99.8±11.0c 99.0±13.9c 3.26 0.032* 
No. of microglia 
(cells/mm2) & 

12.5±2.7cc 11.5±3.1cc 18.1±4.1aa bb dd ee 19.6±4.6aa bb dd ee 12.3±2.5cc 11.8±3.7cc 20.45 <0.001*** 

Note: Values are the mean ± standard deviation from at least 4 rats per group.  
BDL, bile duct ligation; HD, hyperammonemic diet; NS, normal saline; IBU, ibuprofen; ALT, alanine aminotransferase; AST, aspartate transaminase; IL, interleukin; TNF-α, 
tumor necrosis factor alpha. 
* P<0.05, ** P<0.01, and *** P<0.001 were regarded as statistically significant. Values significantly different from Sham+NS rats are indicated by ‘a’, from Sham+IBU rats by ‘b’, 
from BDL+HD+NS rats by ‘c’, from BDL+HD+IBU rats by ‘d’, and from BDL+IBU rats by ‘e’. a P<0.05; aa P<0.01; b P<0.05; bb P<0.01; c P<0.05; cc P<0.01; d P<0.05; dd P<0.01; e 
P<0.05; ee P<0.01. 
&, CD11b-positive microglia cells were counted in the basal ganglia. 

 

 
Figure 4. The comparison of rotarod, beam walking, and motor activity tests results among six groups. The comparisons between Sham+NS and Sham+IBU 
groups, between BDL+NS and BDL+HD+NS groups, and between BDL+IBU and BDL+HD+IBU groups show no significant difference. IBU treated rats show no difference from 
Sham rats, while NS treated rats show significant difference from Sham and IBU treated rats. * P<0.05, ** P<0.01, and *** P <0.001 for difference from Sham+NS and Sham+IBU 
groups. a P<0.05, aa P<0.01, and aaa P <0.001 for difference from BDL+NS and BDL+HD+NS groups. BDL=bile duct ligation; HD=hyperammonemic diet; NS=normal saline; 
IBU=ibuprofen. 
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Liver weight of IBU treated BDL (27 ± 6 g) and 
BDL+HD (26 ± 4 g) rats was heavier than that of 
Sham+NS (14 ± 2 g) and Sham+IBU (15 ± 1 g) rats (all 
P <0.01), and was similar to NS treated BDL (25 ± 7 g) 
and BDL+HD rats (26 ± 5 g) (all P >0.05). Liver H&E 
staining of IBU treatment rats showed similar findings 
of NS treatment rats, characterized by the evidence of 
biliary cirrhosis, while the Sham operated rats 
showed normal liver pathological characteristics. 
These findings indicated that IBU treatment did not 
affect the process of chronic liver failure. However, 
the morphological analysis of microglia from 

immunohistochemistry stained by CD11b showed 
that the microglia of the IBU treated BDL and 
BDL+HD rats as well as Sham+NS and Sham+IBU 
rats were ramified (resting), while the BDL+NS and 
BDL+HD+NS rats, not treated with IBU, showed 
typical morphological shape of activated microglia 
(ameboid), indicating that IBU had a notable 
anti-neuroinflammation effect in HE (Figure 6). 
CD11b immunoreactive microglia cells in the basal 
ganglia of BDL+NS and BDL+HD+NS rats were 
significantly higher compared to other groups (Table 
2). This was consistent with the 18F-DPA-714 findings. 

 

 
Figure 5. The comparison of 18F-DPA-714 uptake values (%ID/g) of global brain and regional brain regions in six groups. (A) The histogram shows no significant 
difference between Sham+NS and Sham+IBU groups, and between BDL+NS and BDL+HD+NS groups. BDL+IBU rats showed lower global brain radiotracer uptake values than 
BDL+HD+IBU rats, and both IBU treated BDL and BDL+HD rats showed lower uptake values than NS treated rats, which had the same uptake values as control rats. * P<0.05 
and ** P <0.01 for difference between Sham+NS and Sham+IBU groups. a P<0.05, aa P<0.01, and aaa P <0.001 for difference between BDL+NS and BDL+HD+NS groups. 
Representative 18F-DPA-714 micro-PET images of several regional brain regions (B) show that IBU treated in BDL and BDL+HD rats have lower 18F-DPA-714 uptake values than 
NS treated BDL and BDL+HD rats and Sham operated rats. BDL=bile duct ligation; HD=hyperammonemic diet; NS=normal saline; IBU= ibuprofen; L=left; R=right. 
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Figure 6. The representative micrographs showing the microglia by CD11b immunohistochemistry of the basal ganglia sections in six groups. Sham 
operated rats and IBU treated BDL and BDL+HD rats show ramified resting microglia. The NS treated BDL and BDL+HD rats show typical morphological changes of activated 
microglia (ameboid). BDL=bile duct ligation; HD=hyperammonemic diet; NS=normal saline; IBU=ibuprofen. 

 

Discussion 
Neuroinflammation is gaining increased 

attention in the study of pathogenesis of central 
nervous system diseases [4, 5], which in recent years 
has provided new insight for chronic HE [1, 3]. It 
raises a challenge to search for an effective 
noninvasive imaging method to monitor 
neuroinflammation progression and evaluate its 
response to therapy. PET imaging with different 
radiotracers targeting TSPO expression in activated 
microglia has been used to identify 
neuroinflammation in various central nervous system 
diseases [7, 10]. 11C-PK11195 PET has been used to 
image neuroinflammation in HE [13]. However, due 
to inherent limitations of 11C isotope, 18F-DPA-714 has 
shown greater promise as a more reliable alternative 
for PET imaging of TSPO with high specificity and 
binding potential [18, 19]. Our study compared the 
imaging ability of 11C-PK11195 and 18F-DPA-714 of 
neuroinflammation in HE induced rats, and assessed 
the efficacy of IBU treatment, which is considered to 
reduce neuroinflammation by its anti-inflammatory 
effect [2, 26, 27]. Our results showed that 18F-DPA-714 
had an improved ability to image neuroinflammation 
compared to 11C-PK11195 because of highly lipophilic 
and non-specific binding in the brain for 11C-PK11195 
[11, 17] or 11C-PK11195 might be not suitable for 
chronic HE rats. The other possible explanations for 
invalidation of 11C-PK11195 were the HE severity and 
small sample size in our study. 18F-DPA-714 PET can 
effectively quantify and monitor the treatment 
response to neuroinflammation in chronic liver failure 
and hyperammonemia rats [18-20]. Thus, 18F-DPA-714 

PET imaging can provide a useful biomarker for 
evaluating neuroinflammation in chronic HE. 

In this study, we found that 11C-PK11195 global 
brain uptake values are not significantly different 
between BDL+HD rats and Sham rats, suggesting 
11C-PK11195 might not be suitable for 
neuroinflammation imaging of chronic HE. Our 
findings were inconsistent with one previous study. 
Cagnin et al [13] reported that increased cerebral 
binding of 11C-PK11195 in the bilateral pallidum, right 
putamen, and right dorsolateral prefrontal cortex in 
minimal HE patients (n=5) reflected the microglia cell 
state alterations that may contribute to impaired brain 
function. However, the small sample with 
heterogeneous etiology of cirrhosis can account for 
the difference between the studies, as well as the high 
non-specific binding of 11C-PK11195 in the brain and a 
poor signal-to-noise ratio might result in the outcome 
of this study [34-36]. The pilot human study by 
Cagnin et al [13] did not have histopathological 
studies as reference standard to evaluate 
neuroinflammation status. One recent study 
supported our findings of 11C-PK11195, in which 
Bartels et al [37] found no difference of binding 
potential of 11C-PK11195 between patients with 
Parkinson disease and controls. To our knowledge, 
there have been no reports which used 11C-PK11195 
PET to image neuroinflammation in HE animal 
model. 

Our study showed that 18F-DPA-714 might be 
more suitable for neuroinflammation imaging in 
chronic HE rats compared with 11C-PK11195, which 
was consistent with several previous 18F-DPA-714 
studies in animal models of acute neuroinflammation 
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and cerebral ischemia [18, 19, 32, 38] and the regional 
brain predominance of neuroinflammation was also 
supported by several other studies with other PET 
techniques [2, 6, 39]. For example, Chauveau et al [18] 
found 18F-DPA-714 performed better than 
11C-PK11195 to detect neuroinflammation in the rat 
model with intrastriatal injection of (R,S)–alpha– 
amino–3–hydroxyl–5–methyl–4-isoxazolopropioniqu
e, which can cause a strong neuroinflammatory 
response. Macdonald et al [39] using 11C-flumazenil 
PET study in 9 recurrent HE patients found 
significantly increased binding in the thalamus, 
cerebellum, and pons. Thus, with the potentially wide 
clinical use due to the 18F PET isotope, 18F-DPA-714 
appears to be a promising alternative to 11C-PK11195. 

To demonstrate the potential of 18F-DPA-714 in 
imaging neuroinflammation of chronic HE, we 
evaluated IBU treatment response of 
neuroinflammation in chronic HE by using 
18F-DPA-714. We found that both BDL and BDL+HD 
administration induced the same behavioral and 
inflammatory factors, indicating that either the 
BDL+HD or BDL procedure are feasible in 
establishing HE models to investigate 
neuroinflammation in chronic HE. IBU was not 
shown to affect blood ammonia level or chronic liver 
failure in HE models, however IBU can restore motor 
function, including motor activity, motor 
coordination, and tolerance. It has also been observed 
by CD11b immunohistochemistry that IBU can 
reverse microglia activation and inhibit the 
inflammatory markers of HE rats. 18F-DPA-714 PET 
imaging supported the above mentioned findings. 
Interestingly, BDL+IBU rats showed significantly 
lower global brain radiotracer uptake values than 
BDL+HD+IBU rats, which requires further research. 
Our findings were supported by Agusti et al’s study 
[6]. They found kinase p38, the inhibitor of 
mitogen-activated protein, could reduce microglial 
activation and levels of inflammatory markers in 
minimal HE rat model following PCS. Thus, it is 
possible to monitor anti-neuroinflammation treatment 
efficiency by using 18F-DPA-714 PET imaging. 

Our study also supported the dominant 
distribution of neuroinflammation in chronic HE. The 
average % ID/g values of several regional brains had 
significant differences among each group. These brain 
regions involved the basal ganglia-thalamus-cortical 
circuit, which was markedly connected to cognitive 
function [40, 41]. In a whole brain functional 
connectivity study of minimal HE patients, Zhang et 
al [40] reported that functional connectivity 
impairment in the basal ganglia-thalamocortical 
circuit could play an important role in mediating 

neurocognitive dysfunction, especially for 
psychomotor speed and attention deficits in patients 
with minimal HE. The present study showed 
abnormal radiotracer uptake, indicating 
neuroinflammation was present in this circuit of HE. 
We also found other brain regions, mainly connecting 
to behavior alteration, were affected, including motor 
cortex, somatosensory cortex, cerebellum, and so on, 
showed significant differences among the groups. 
These findings were shown in previous studies [6, 41]. 
Dhanda et al [41] reported that disturbed 
dopaminergic and serotonergic pathways in 
hippocampus, striatum and cerebellum regions were 
responsible for behavioral impairments. Thus, 
neuroinflammation might contribute to the behavioral 
changes seen in HE when viewed from a 
pathophysiological perspective.  

Some limitations should be acknowledged in the 
present study. First, our results are limited to a small 
number of animals in each group due to the high cost 
of PET and mortality of the BDL rats. Second, 
attenuation and scatter correction were not performed 
because only PET was acquired. Further studies are 
needed to validate our findings in this study. Third, 
neuroinflammation is not specific to HE, nor is TSPO 
expressed solely on activated microglia [42], lack 
indicators of TSPO quantification, and further 
imaging studies should be initiated in HE models or 
patients using other potential markers of 
neuroinflammation. Fourth, this study lacked a water 
maze or Y maze to evaluate the learning abilities of 
the rats, which needs further investigation. Fifth, only 
CD11b staining was performed to visualize microglia 
in this study, other microglia markers should be 
quantified in future studies. Sixth, the cytokines levels 
showed positive correlation with uptake values of 
18F-DPA-714, which indicates that systemic 
inflammation was related to neuroinflammation [1]. 
Further study is needed to exclude the influence of 
inflammatory conditions such as abdominal 
inflammation. Finally, our study results cannot be 
generalized to other HE types such as acute or acute 
on chronic HE.  

In conclusion, our study shows 18F-DPA-714 is a 
more sensitive radiotracer for neuroinflammation 
imaging of chronic HE compared to 11C-PK11195. 
18F-DPA-714 PET imaging can quantitatively evaluate 
the neuroinflammation load and distribution which 
are correlated with behavioral changes. This study 
also found that 18F-DPA-714 PET imaging can assess 
therapeutic effectiveness of anti-neuroinflammation 
drugs. Thus, 18F-DPA-714 PET imaging shows a 
promising potential to investigate neuroinflammation 
in chronic HE for further clinical studies. 
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alpha; ELISA: enzyme-linked immune sorbent assay; 
PBS: phosphate buffered saline; H&E: 
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