
Name of journal: World Journal of Gastroenterology
ESPS Manuscript NO: 15339
Columns: ORIGINAL ARTICLE

Basic Study
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Abstract
AIM: To explore the potential use and mechanism of contrast enhanced computed tomography (CECT) using ExiTron nano6000 in the assessment of liver lesions in mouse models.

METHODS: Three mouse models of liver lesions were used: bile duct (BDL), lipopolysaccharide (LPS)/D-GalN and alcohol. After injection with the contrast agent ExiTron nano6000, the mice were scanned with micro-CT. Liver lesions were evaluated using the CECT images, HE staining and serum aminotransferase levels. Macrophage distribution in the injury models was shown by immunohistochemical staining of CD68. The in vitro studies measured the densities of RAW264.7 under different conditions by CECT.

RESULTS: In the in vivo studies, CECT provided specific and strong contrast enhancement of livers in mice. CECT could present heterogeneous images and densities of injuried livers induced by BDL, LPS/D-GalN and alcohol. The liver histology and immunochemistry of CD68 demonstrated that both dilated biliary tracts and necrosis in the injured livers could lead to the heterogeneous distribution of macrophages. The in vitro study showed that the RAW264.7 cell masses had higher densities after LPS activation. 

CONCLUSION: Micro-CT with the contrast agent ExiTron nano6000 is a feasible method for detecting various liver lesions by emphasizing the heterogeneous textures and densities of CECT images, which were due to changes in macrophage distribution, number, and function. 
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Core tip: Noninvasive methods have been extensively studied for examining injuries in small animals in preclinical research. Contrast enhanced computed tomography (CECT) with ExiTron nano6000 could detect various liver lesions by emphasizing the heterogeneous textures and densities of CECT images. The phenomenon is probably due to the changes in macrophage distribution, number, and function.
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INTRODUCTION
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK13][bookmark: OLE_LINK24]Small animal models have significantly contributed to the study of liver lesions. Liver lesions mouse models are frequently limited by difficulties in monitoring disease progression in a longitudinal and noninvasive manner. The assessment of liver lesions during autopsy is time consuming and unfavorable for the principles of animal welfare. Noninvasive methods, including micro-computed tomography (micro-CT), magnetic resonance imaging, positron emission tomography scanning and ultrasound, have been extensively studied for examining injuries in small animals and are widely used for the diagnosis of organ or tissue damage in clinics[1-4]. Micro-CT is the best noninvasive method used in preclinical research of animal models because of its excellent spatial resolution[5]. Initially, micro-CT was implemented in the evaluation of bones, implants and other high contrast structures because of its poor soft tissue contrast[6,7]. With the development of contrast agent and X-ray detector sensitivity, micro-CT has been facilitated to enable the imaging of soft tissues and vessels[8-11]. There have been many studies exploring the micro-CT system in the evaluation of liver lesions. Micro-CT was primarily used to detect tumor lesions[12-14], but recent studies have applied micro-CT to distinguish other types of liver lesions. The degree of liver fibrosis in small animals has been successfully estimated by micro-CT[15]. Chouker reported that contrast enhanced CT (CECT) with the contrast agent Fenestra VC was available to monitor and localize liver ischemic reperfusion (IR) injury in a murine model of IR[16]. ExiTron nano6000 is a novel liver- and spleen-specific contrast agent that can be administered at an extremely low dosage (100 μL per mouse) and has been shown to be an effective and long-term contrast for detrecting liver metastatic tumors[17,18]. ExiTron nano6000 is primarily taken up by cells in the reticuloendothelial system (RES), including macrophages, which are distributed extensively in the liver as Kupffer cells. Liver lesions could influence the distribution and function of macrophages within the liver. Most studies involving micro-CT are focused on either the imaging of injuries or the characteristics of contrast agents, such as the time course. However, the detailed imaging mechanism has not been discussed. Herein, micro-CT with the contrast agent ExiTron nano6000 was applied to assess three types of liver lesions (other than tumor burden): bile duct ligation (BDL), LPS/ D-GalN and alcohol. We attempt to discuss the related mechanisms of these treatments through the distribution, number, and functional changes of macrophages, which are the major cells that take up ExiTron nano6000.

MATERIALS AND METHODS 
Animal care and use 
The animal protocol was designed to minimize pain or discomfort to the animals. The animals were acclimatized to laboratory conditions (23 °C, 12h/12h light/dark, 50% humidity, ad libitum access to food and water) for two weeks prior to experimentation. Intragastric gavage administration was carried out with conscious animals, using straight gavage needles appropriate for the animal size (15-17 g body weight: 22 gauge, 1 inch length, 1.25 mm ball diameter). All animals were euthanized by pentobarbital (50 mg/kg) for tissue collection.

Animal models
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]Male C57BL/6 mice (8–10-wk-old, weight range 20–25 g) were obtained from the department of Laboratory Animal Science of Shanghai Jiao Tong University School of Medicine. Induction of cholestatic liver lesions was performed in age-matched male mice (n = 5 per group) by ligating the common bile duct (BDL). The mice were anesthetized via an intraperitoneal injection of pentobarbital (50 mg/kg). After making the abdominal midline incision, the common bile duct was ligated with 8-0 nylon sutures and transectioned between the ligatures. The control animals underwent sham operations, whereby the common bile duct was exposed without ligation. Several drops of bupivacaine were applied on the suture line after the muscle layer was closed before closing of the skin wound. These efforts were designed to minimize the suffering of the mice. For fulminant liver lesions, the mice were administered an intraperitoneal injection of D-galactosamine (D-GalN, 700 mg/kg) and E. coli lipopolysaccharide (LPS, 10 μg/kg), and the control group received an identical volume of PBS (phosphate-buffered saline) (n = 5 per group). For alcohol-induced liver lesions, the mice received one dose of alcohol (5 g/kg body weight, diluted 25:75 vol:vol in water) by gavage (n = 5) once daily for 4 consecutive days. The mice were permitted water and standard pelleted feed during alcohol administration.

Contrast agent and micro-CT images of mice model
ExiTron nano6000 (130-095-146; Miltenyi Biotec) is an alkaline earth metal-based nanoparticulate contrast agent specifically formulated for preclinical computed tomography (CT). It shows strong X-ray absorption due to the high metal load of theparticles. Approximately 100 µL of this contrast agent was injected into the tail vein of the mice 4 hours before the micro-CT procedure as previously described because the densities in the liver would reach the highest contrast levels at 4 h after ExiTron nano6000 injection; this effect can last for many days. Upon intravenous injection, ExiTron nano6000 circulates in the blood stream and is taken up by Kupffer cells (macrophages of the liver). After ExiTron nano6000 injection, serial micro-CT images of the mice were obtained to observe the macrophage-rich liver. The parameters of the micro-CT scans were as follows: tube voltage: 80 kV; tube current: 0.45 mA; number of views: 400; exposure time: 400 ms; detector bin mode: 2*2; and effective pixel size: 0.045 mm. The total scan time was approximately 20 min for the liver. Analysis of the reconstructed images was performed using Launch GEHC Micro View.

Liver enzyme chemistry and histological analysis
Blood was collected from the retro-orbital sinus to determine the serumalanine aminotransferase (ALT) activity using the Infinity ALT Liquid Stable Reagent (Thermo Fisher Scientific) on a spectrophotometer. The liver tissues were removed from a portion of the left lobe and fixed immediately in 10% neutral buffered formalin, subsequently dehydrated and embedded in paraffin. The formalin-fixed and paraffin-embedded tissues were cut serially into 5-μm sections and stained with HE (hematoxylin and eosin). Distribution of the macrophages was detected by immunohistochemistry against CD68 (Gene Tech, Shanghai, China)[19]. After deparaffinization and rehydration, the sections were soaked in 10 mM citrate buffer (pH 6.0) for antigen retrieval. To block endogenous peroxidase, the sections were placed in 3% H2O2 for 5 min and then washed with PBS. The slides were blocked with 10% normal goat serum for 10 min at 37 °C and incubated overnight at 4 °C with primary antibody. After rinsing with PBS, the sections were incubated with an HRP-conjugated secondary antibody (Changdao, Shanghai, China) for 30 min at room temperature and then stained with 3,3’-diaminobenzidine (DAB, Maixin-Bio, Guangzhou, China). Hematoxylin was applied for the nuclear staining. Five fields in each liver sample were randomly selected for observation.

Cell culture and micro-CT images of the RAW264.7 cell mass
[bookmark: OLE_LINK3][bookmark: OLE_LINK6]The murine macrophage cell line RAW264.7, a murine macrophage cell line[20] was kindly provided by Dr. Ma X. (Key Laboratory of Gastroenterology and Hepatology, Ministry of Health, Shanghai Jiao-Tong University, Shanghai, China). The cells were cultured in DMEM supplemented with 10% FBS, 10 mM L-glutamine, 100 U/mL of penicillin and 0.1 mg/mL of streptomycin (all purchased from Invitrogen Life Technologies, Carlsbad, CA), at 5% CO2 and 37 °C. The cells were plated in 60-mm dishes at a density of 0.3 × 106/mL 1 day before stimulation. The cells were stimulated with 1 µg/mL of LPS (Sigma, China) for 12 h followed by co-incubation with ExiTron nano6000 (1:500, vol:vol in DMEM) for 4 h. For the micro-CT images, the cells were washed three times with PBS buffer. Then, the cells were trypsinized and centrifuged at 600 rpm for 5 min to wash out any unendocytosed contrast agent. The cells was resuspended with 1 mL PBS buffer, transferred to 1.5 mL Eppendorf tubes and centrifuged at 300 g for 5 min. The tubes were held on a foam board and scanned by a micro-CT imaging system with the following parameters: tube voltage, 80 kV; current intensity, 0.45 mA. 

Statistical analysis
The probabilities were two-sided and expressed as the mean ± SD. The data were analyzed with Student’s t-test. We conducted the statistical analysis with SPSS 19.0 software. We considered values of P < 0.05 as statistically signiﬁcant.

RESULTS
Evaluation of liver lesions with CECT
ExiTron nano6000 as a non-toxic and targeted agent to the liver: The mice showed no observable adverse events or abnormal behavior after injection with ExiTron nano6000[17]. As shown in Figure 1, ExiTron nano6000 provided specific and strong contrast enhancement of the micro-CT images of the liver and spleen. 

CECT images applied in the cholestasis: CECT was first performed on the BDL-treated mice, which are extensively used as a cholestasis model. On the third day after BDL treatment, the texture of the liver became heterogeneous and black regions appeared. The liver densities significantly increased compared to those of the sham controls (422.7 ± 7.8 HU vs 374.7 ± 11.4 HU, respectively; P < 0.001). On the 14th day after BDL treatment, the texture became more heterogeneous, whereas the black regions became more extensive and larger in the CECT images. Similarly, the densities of the livers were significantly greater compared to those of the sham controls (423.7 ± 8.3 HU versus 367.7 ± 7.8 HU, respectively, P < 0.001) (Figure 2A). 

[bookmark: OLE_LINK2][bookmark: OLE_LINK1]CECT applied in LPS/D-GalN and alcohol-induced liver lesions: We performed CECT imaging studies of LPS/D-GalN-induced liver lesions. The CECT images in Figure 2B show that the texture of the livers became increasingly more heterogeneous, and the black regions became more numerous with the advancement of LPS/D-GalN-induced liver lesions. The liver densities showed an up-down trend in that they increased in the early period and decreased in the advanced stages of liver lesions (423.7 ± 8.5 HU for 3 h injury versus 365.0 ± 7.6 HU for PBS control, respectively, P < 0.001; 360.7 ± 6.7 HU for 6 h injury versus 360.0 ± 7.2 HU for PBS control, respectively, P = 0.91). For acute alcohol-induced liver lesions, Figure 2C shows that the predominant changes were the increased densities of the injured liver compared to those of the sham controls (420.7 ± 11 HU for 2 d injury versus 363.3 ± 8.3 HU for water control, respectively, P < 0.001; 426.7 ± 8.0 HU for 4 d injury versus 377.0 ± 9.0 HU for water control, respectively, P < 0.001).

Morphological changes influencing the texture of the CECT images: Histology was performed to identify the morphological changes related to the texture of the CECT images, and the serum ALT activities were measured to physiologically examine the extent of the liver lesions. For cholestasis, HE staining showed an increasing bile infarct, dilated biliary tract and portal liver inflammation with the advancement of cholestasis (Figure 3A). Because ExiTron nano6000 is predominantly taken up by cells of the RES (particularly macrophages within the liver), we studied the effects of liver lesions on the distribution of macrophages in the liver by staining for CD68[21,22]. This staining showed that macrophages were not present in the area of either the bile infarct or the dilated biliary tract (Figure 3B).
 For animals subjected to LPS/D-GalN-induced liver lesions, HE staining primarily showed slight hepatic necrosis accompanying inflammatory cell infiltration at 3 h and displayed massive necrosis and destruction of the hepatic architecture at 6 h (Figure 3A), which correlated with the serum ALT activities (Figure 4). Interestingly, no macrophages were present in the area of necrosis in CD68 immunostained samples (Figure 3B). For animals subjected to alcohol-induced liver lesions, periportal microvesicular steatosis was observed in the histological examination, and there was no significant change in the distribution of macrophages (Figure 3B).
 These results suggest that CECT using ExiTron nano6000 could identify liver lesions such as necrosis and dilated biliary tract by monitoring the distribution of macrophages, which cause various CECT liver textures.

Number and function of macrophages influencing the densities
Based on the in vivo observations described above, we attempted to determine a relationship between the CECT densities of various injured livers and the recruitment of macrophages to the injured livers. Figure 5A showed that the livers from mice subjected to LPS/D-GalN-induced injury for 6 h had significantly fewer macrophages compared to those of the PBS control. Other injuries did not induce any significant changes in the number of macrophages in the livers (Figure 5A), which is consistent with previous studies[23,24]. We speculated whether liver lesions could improve the endocytotic function of macrophages regarding ExiTron nano6000 uptake and affect the observed increased densities of the injured liver.
We performed CECT images of RAW264.7 cells in different states (i.e., quiet or LPS-activated) to confirm the endocytotic ability of macrophages to take up ExiTron nano6000. The results showed that the densities of the RAW264.7 cell masses increased significantly after co-incubation with ExiTron nano6000 (135.0 ± 12.8 HU vs -37.00 ± 11.4 HU, respectively, P < 0.001). The LPS-activated RAW264.7 cells had a higher density compared to the quiet RAW264.7 cells (184.7 ± 11.0 HU vs 135.0±12.8 HU, respectively, P < 0.01) indicating a significant accumulation of ExiTron nano6000 in the LPS-treated RAW264.7 cells (Figure 5B). Besides, hepatocyte was not found to have endocytotic ability when CECT images were performed on the HepaG2 cells, a human hepatocyte cell line (data not shown). We concluded that the CECT liver densities were positively correlated with the number and function of macrophages in the liver. 

DISCUSSION
Noninvasive detection has become an attractive field in preclinical translational studies[25-28]. For small animals, a contrast agent was necessary for micro-CT to improve the imaging of soft tissue[29]. By contrasting macrophages, studies have noninvasively investigated macrophage-rich injuries of soft tissues such as atherosclerotic plaques[30,31]. Our study has shown that micro-CT using the ExiTron nano6000 contrast agent could detect liver lesions induced by BDL, LPS/D-GalN and alcohol. 
Based on the CECT images obtained, ExiTron nano6000 successfully targets and highlights the morphology of the macrophage-rich liver. Extrahepatic cholestasis is a common liver disease in clinics and could be caused by diseases including choledocholithiasis and pancreatic disease. BDL-induced liver lesions is a classic model for studying extrahepatic cholestasis and related liver lesions[32]. In this experiment, CECT showed dark regions that were increased in number and size with the advancement of cholestasis after BDL. Because CECT predominantly shows the areas rich in macrophages (due to ExiTron nano6000 uptake), the dark regions are suggestive of areas that are deficient in macrophages. The increased density of livers after BDL is also an important of indication of cholestatic liver lesions. 
LPS/D-GalN-induced liver lesions model is useful for studying fulminant liver failure[33]. The CECT image was presented as having a more heterogeneous texture and expanded sporadic black regions with the progression of liver lesions. The liver densities in the CECT images significantly increased at 3 h after LPS/D-GalN treatment and then returned to baseline at 6 h. We hypothesize that the enlarged necrotic area accounts for the low density of the liver at 6 h after LPS/D-GalN injection. For the alcohol-induced liver lesions model, the primary changes in the CECT images were the increased liver densities.
Next, we compared the CECT images and the pathological result, which is the gold standard for the assessment of liver lesions. The comparison demonstrated that the increased density of the CECT image was nearly completely consistent with the pathological results; however, the increased density would decrease significantly upon extremely serious liver lesions such as at 6 h after LPS/D-GalN injection. 
Because the macrophages within the liver represent a major cell type that takes up ExiTron nano6000, we conducted an additional study of the pathology to explore the effect of liver lesions on the distribution and number of macrophages within the liver. By comparing HE and CD68 staining, we determined that various types of liver lesions could cause the heterogeneous distribution of macrophages instead of changing their numbers. Macrophages were absent in the necrotic area or dilated biliary tract, whereas no significant changes were observed in the healthy regions. By comparing the pathological findings with the CECT images, we concluded that the heterogeneous distribution of macrophages contributed to the heterogeneous texture of the injured livers in the CECT images, and the increased sporadic black regions in the CECT images indicated the areas of either necrosis or dilated biliary tracts. 
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]The unchanged number of macrophages within the injured livers prompted us further examine changes in macrophage function. The endocytotic ability of macrophages has been shown to significantly increase after activation[34]. To understand the relationship between the endocytotic function of macrophages for ExiTron nano6000 and liver lesions, we performed an in vitro study using LPS to stimulate RAW246.7 cells[35,36]. The RAW246.7 cell mass presented a significantly increased density on the CECT images after co-incubation with ExiTron nano6000, which confirmed the ability of macrophages to uptake this contrast agent. LPS could activate the TLR4 pathway, which is a classic pathway of macrophage activation in various liver lesions. Consistent with our observations, the LPS-activated RAW246.7 cells had increased densities on the CECT images compared to the non-activated cells. The results of this in vitro study demonstrated that macrophages could be activated by liver lesions and were responsible for the increased densities of the injured livers on CECT imaging. These in vitro studies suggest that the endocytotic ability of macrophages was activated by liver lesions and resulted in the increased density of the injured livers observed on CECT imaging.
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]In conclusion, we demonstrated that micro-CT in conjunction with the ExiTron nano6000 contrast agent could provide specific liver imaging without adverse reactions. CECT was able to objectively detect liver lesions based on the texture and density alterations of the CECT image; these alterations were caused by variations in macrophage distribution, number and function. Besides, ExiTron nano 6000 and other contrast agents could also provide pronounced contrast for imaging of adrenal glands, vascular structures or other our interested tissues. All of these suggest that the use of micro-CT could be further expanded in future applications.

[bookmark: OLE_LINK323][bookmark: OLE_LINK349][bookmark: OLE_LINK377][bookmark: OLE_LINK386][bookmark: OLE_LINK400][bookmark: OLE_LINK416][bookmark: OLE_LINK512]COMMENTS
Background
Recently, micro-computed tomography (CT) and many other noninvasive methods have been extensively implied to detect liver lesions due to the defects of autopsy such as time consuming and unfavorable for the principles of animal welfare. ExiTron nano6000 is an alkaline earth metal-based nanoparticulate contrast agent specifically formulated for preclinical CT. Studies have reported that ExiTron nano6000 could be used to monitor the progress of liver tumor, but liver lesions (other than tumor burden) have not been studied and the detailed imaging mechanism remains to be discussed.

Research frontiers
Micro-CT has been widely used in preclinical small animal studies. Various contrast agents were created to detect the lesions of soft tissues such as vessel, brain, liver, kidney and so on. However, most of them focused on tumor studies. To expand the application of micro-CT are of major interest.

Innovations and breakthroughs
At first, micro-CT using ExiTron nano6000 was successfully implied to detect liver lesions induced by BDL, LPS/D-GalN and alcohol through emphasizing the heterogeneous textures and densities of CECT images. Then, the changes in macrophage distribution, number, and function of liver lesions were found to be the related mechanisms. More importantly, of the mechanisms, we are the first to discuss the role of cellular function in detecting liver lesions by CECT images.

Applications
The study results suggest that micro-CT with the contrast agent ExiTron nano6000 is a feasible method for detecting various liver lesions.

Terminology
ExiTron nano6000 is an alkaline earth metal-based nanoparticulate contrast agent specifically formulated for preclinical CT. It shows strong X-ray absorption due to the high metal load of theparticles. Upon intravenous injection, ExiTron nano6000 circulates in the blood stream and is primarily taken up by cells in the reticuloendothelial system, including macrophages, which are distributed extensively in the liver as Kupffer cells.

Peer-review
This is a well-done, thoughtful manuscript that is well written. The authors showed that micro-CT with the contrast agent ExiTron nano6000 is potentially useful for detecting various liver lesions such as alcoholic liver changes by the heterogeneous textures and densities images, depending on the distribution, number, and function of macrophages. As a reviewer, I also believe that it has the potential to provide important information about the importance of new technique for detecting different liver lesions.
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Figure 1 Contrast enhanced computed tomography images of a normal liver. A: Three-dimensional image of a liver (white arrows); B: Perspective view of a liver (white arrows).
[image: ]
Figure 2 Contrast enhanced computed tomography images of liver lesions induced by bile duct ligation (A), lipopolysaccharide/D-GalN (B) and alcohol (C); densities measured in the livers are reported as HU. The black arrows indicate black regions with low densities. Values are represented as the means of triplicate values and presented as the mean ± SD. bP < 0.01.
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Figure 3 HE stains for liver lesions induced by bile duct ligation, lipopolysaccharide/D-GalN and alcohol (A); Immunostaining of CD68 after liver lesions induced by bile duct ligation, lipopolysaccharide/D-GalN or alcohol (B). The black arrows indicate necrosis, and the white arrows indicate dilated biliary tracts.
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Figure 4 ALT levels of mice models induced by bile duct ligation (A), lipopolysaccharide/D-GalN (B) and alcohol (C), bP < 0.01.
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Figure 5 Comparison of the number of CD68+ cells in the injured livers of the three models (A); comparison of the densities of RAW264.7 cell mass co-cultured with nano6000, LPS or both (B). Values are represented as the means of triplicate values and presented as the mean ± SD, bP < 0.01 and dP < 0.01.
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