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Abstract
AIM
To compare the effect of University of Wisconsin (UW) solution with or without metformin, an AMP-activated protein kinase (AMPK) activator, for preserving standard and marginal criteria liver grafts of young and aged rats ex vivo by hypothermic machine perfusion (HMP).

METHODS
Eighteen young (4-mo-old) and 18 aged (17-mo-old) healthy male SD rats were selected and randomly divided into 3 groups-the control group, the UW solution perfusion group (UWP), and the UW solution with metformin perfusion group (MUWP). Aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), interleukin-18 (IL-18), and tumor necrosis factor-alpha (TNF-α) from the perfused liquid were tested. The expression levels of AMPK and endothelial nitric oxide synthase (eNOS) from liver sinusoidal endothelial cells were also examined. Additionally, microscopic evaluation was done to the harvested perfused liver tissue samples. 

RESULTS
AST, ALT, LDH, IL-18 and TNF-α levels of the young and aged liver-perfused liquid in the MUWP group were, respectively, significantly lower than that in the UWP group (P < 0.05), but no significant differences between the young and aged MUWP groups were found. Metformin increased the expression of AMPK and eNOS protein level, and promoted the extracellular release of nitric oxide through activation of the AMPK-eNOS mediated pathway. Histological examination revealed that in the MUWP group, the extent of liver cells and tissue damage was significantly reduced compared with the UWP group.

CONCLUSION
The addition of metformin to the UW preservative solution can reduce rat liver injury during cold ischemia ex vivo by HMP, with significant protective effects of livers, especially of aged rats.

Key words：Metformin; AMP-activated protein kinase; Cold ischemia injury; Hypothermic machine perfusion; Liver Grafts
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Core tip: Metformin can activate AMP-activated protein kinase pathway that could enhance the activity of endothelial nitric oxide synthase and finally increase the generation of nitric oxide, which plays an important role in the protection of liver sinusoidal endothelial cells. Hence, our study was designed to evaluate protective effect of University of Wisconsin storage solution with metformin for preserving standard and marginal criteria liver grafts of young and aged rats ex vivo by hypothermic machine perfusion (HMP). According to the results, HMP of extracorporeal circulation with metformin can play a significant protective role for liver grafts during cold ischemia, with significant effects especially for the aged-marginal donor.
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INTRODUCTION
Currently, liver transplantation is the only effective therapy for end-stage liver disease[1]. Both preservation of donor organs and post-transplant ischemic reperfusion injury (IRI) are important factors affecting the prognosis of transplantation[2]. At present, due to the shortage of liver donation, marginal donation, which includes aged donation, adipo-hepatic donation, and donation after cardiac death (DCD), increases the risk for more severe IRI because of suboptimal function and long-term warm and cold ischemia[3-5]. Cold ischemia injury plays an important role in the IRI mechanism after revascularization of transplants. In this period, the liver sinusoidal endothelial cells are the first to be injured in a donor liver, causing damage of the stable hepatic microenvironment, hepatic microcirculation disturbance, and exacerbation of IRI[6]. Therefore, there is a current pressing need to explore and improve methods of organ preservation and minimize IRI of donor livers during transplantation[7,8].
In recent years, machine perfusion (MP) has been explored as an alternate method of organ preservation to static cold storage. Clinically, hypothermic machine perfusion (HMP, 4-6℃) has been effective for kidney transplantation, but MP methods have not been widely used in liver transplantation. According to the latest research, MP has been meaningful for the preservation and repair of marginal liver donation[9], but this still needs further clinical verification[10,11].
Another important direction of research on donor liver cold preservation is the auxiliary protective intervention of donor livers against IRI factors of microcirculation[12] and hepatocyte metabolism[13] through drugs. Activation of adenosine 5'-monophosphate-activated protein kinase (AMPK) signaling pathways increases endothelial nitric oxide synthase (eNOS) activity generating nitric oxide causing ischemia. This provides a cytoprotective effect to the hepatic sinusoidal endothelium of the donor liver and has been considered for preconditioning of the donor liver to reduce IRI. In addition, AMPK signaling is also known to regulate glucose metabolism and prevent cell death extending the cytoprotective effect of hepatocytes[14]. Thus, it plays an important role in protecting hepatic sinusoidal endothelium and reducing injury of donor livers[15]. As an agonist of AMPK, metformin additionally lowers the blood glucose by reducing hepatic gluconeogenesis and strengthening glucose uptake of peripheral tissue[16].
Hence, we assumed that liver sinusoidal endothelial cells can be protected from injury by activating AMPK signaling pathways with the addition of metformin perfused in vitro, and could ultimately lead to an improvement of liver donor organ preservation. Consequently, in this experiment, we added metformin to University of Wisconsin (UW) solution, ex vivo, to HMP models of livers of young and aged rats and investigated the effects on biochemical indicators and sinusoidal cell morphology.

MATERIALS AND METHODS
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]A total of 18 young healthy male SD rats (4-mo-old, weighing 250–300 g) and 18 aged (17-mo-old, weighing 600–630 g) SD rats were randomly selected for the study. The experimental animals were provided by Animal Experiment Center of Xi’an Jiaotong University.
LongerPump® DG-2-B/D Precise Miniature Peristaltic Pump (Longer Precision Pump Co., Ltd., Baoding, China) with a rotation speed of 0-100 rpm and flow rates of 0-48 mL/min; SPS-1® Static Preservation Solution (UW solution, Organ Recovery Systems, Inc.); and metformin (1,1-dimethylbiguanidine hydrochloride, CAS # 1115–70-4, Biomol GmbH) were used. A 165 mg/L stock solution of metformin was prepared by adding 2.5 mL of metformin solution at a concentration of 1 g/10 mL to 1000 mL sterile water, stirring until dissolved, and then adding this (0.66 mL) to 1000 mL of UW solution. A final metformin concentration of 0.165 mg/L or 1 mmol/L was used. Serum interleukin-18 (IL-18) and tumor necrosis-alpha (TNF-α)levels were measured by enzyme-linked immunosorbent assay (ELISA) technique (Rat Interleukin 18 ELISA kit, CLOUD-CLONE CORP., TX, United States; Rat TNF-alpha ELISA kit, MultiSciences Biotech Co., Ltd, Shanghai, China).

Study design
Young and aged rats were randomly divided into three groups, with six rats in each group, respectively. The groups were: control groups A (young rats) and D (aged rats), UW solution perfusion (UWP) groups B (young rats) and E (aged rats), and the experimental groups C (young rats) and F (aged rats) that were perfused with metformin-UW solution (MUWP).

Step one - Block design for establishing the experimental model
The rats were fasted for 8 h and general anesthesia by with 5% pentobarbital sodium intraperitoneal injection in 20 mg/kg was given to all the rats. Fixation, skin preparation, and disinfection were completed, and then a large median and transverse abdominal incision for laparotomy was made. The liver was isolated and heparinized and perfused in situ with cold UW solution until the liver turned into a khaki color and rapidly harvested at room temperature. The ex vivo liver was then placed into a basin filled with cold UW solution and made to lie in the basin on an ice pad. All ex vivo livers were grouped and underwent HMP with circulating UW solution at 4 °C at a flow rate of 4 mL/min maintained at 80 mL of the total circulation volume by constant flow of the peristaltic pump: Groups A and D: did not require extended period of HMP (only 2 h); Groups B and E: were perfused with UW solution for 12 h; Groups C and F: were perfused mechanically with UW solution with 0.165 mg/L of metformin for 12 h. Then, 6 mL of the perfused liquid was collected after HMP from every group, and stored in -20 °C, respectively

Step two - Examination of the expression level of p-eNOS, t-eNOS, p-AMPK, and t-AMPK from liver sinusoidal endothelial cells of young rats
Extraction of liver sinusoidal endothelial cells of young rats: After step one, the ex vivo livers of every group were perfused with GBSS solution (150 mL get rid of Ca2+ and Mg2+, mixed with pronase 400 mg and collagenase 40 mg) for 7 min at 37 °C at a flow rate of 20 mL/min. Then the resulting mixture was centrifuged with Krebs-Henseleit 1x stock Buffer solution (with 10% FCS and 0.002% DNase I) perfused at a flow rate of 10 mL/min and the centrifugal speed is maintained at 2500 rpm. Cell pellet was then resuspended in DMEM supplemented with 20% FCS and 10 mL of antibiotic (100 U/L penicillin G) and loaded carefully in the centrifuge for 3 min at a flow perfusion rate of 15 mL/min, and accelerated at 18 mL/min for 1 min. The input flow rate was increased again by 20 mL/min, while 50 mL of the cell suspension of the effluent was collected. Once more, a 50 mL cell suspension was collected by 25 mL/min. The 100 mL homogenate was centrifuged at 2000 rpm for 5 min. The supernatant liquid was extracted out, and the liver sinusoidal endothelial cell-debris pellet collected in the bottom of collection tube.

Extraction of total protein and examination of the expression level of target proteins: The cell debris was lysed by Cell Lysis Buffer (Cell Signaling Technology; Beverly, MA, United States) for 30 min on the ice carefully chilling 1x stock buffer on ice and add 1 mmol/L PMSF was added immediately just prior to use, and then centrifuged at 12000 rpm for 5 min at 4 °C. The supernatant with total cellular proteins were collected from every group, determined, and transferred to a sterile tube, 1.5 mL each, and stored at -20 °C, respectively. Then, the 2-DE gel maps of target proteins were set up by Western blot to examine the expression levels and the amounts of expression of AMPK and eNOS were analyzed with gray scale from the maps.
Testsincluded: (1) Biochemical indicator tests: values of aspartate transaminase (AST), alanine aminotransaminase (ALT), lactate dehydrogenase (LDH), IL-8, and TNF-α from the perfused liquid were examined; (2) Histo-morphological examination was performed by light microscopy: the liver tissues after perfusion were fixed with 10% formalin and immersed as transparent samples in the wax for sections and hematoxylin-eosin (HE) dye. A scoring system to grade the degree of histologic structural damage was quantitatively assessed (by blinding) at the Department of Pathology, based on the following histologic features: hydropic degeneration of hepatocyte and liver sinusoidal endothelial cell, stenosis of the hepatic sinusoid, amount of Kupffer cells. Each feature was graded as absent, mild, moderate, or massive, with a score of 0-3; (3) Electron microscopy examination: The specimens of perfused hepatic tissue were fixed to observe under transmission electron microscopy.

Statistical analysis
All calculations were performed with the SPSS 22.0 software. The grayscale of 2-DE gel maps of target proteins was analyzed with ImageProPlus 6.0 software. Quantitative data were expressed as mean ± SD and assessed by one- or two-way analysis of variance, and multiple comparison between the groups was performed using Student-Newman-Keuls method, differences were considered statistically significant at the level of the test α = 0.05, (P < 0.05).Scoring data were analyzed by Kruskal-Wallis one-way analysis of variance on ranks and compared between any two groups using Mann-Whitney U test, with the level of the test α = 0.05, P < 0.05 was considered statistically significant.

RESULTS
Data analysis of the biochemical indicators 
Control group (groups A and D) were subject to HMP for only 2 h. Group UWP (groups B and E) and the MUWP group (groups C and F) all had to begin with HMP for 12 h. 
After completing the perfusion of each group, AST, ALT, and LDH levels in the perfused liquid were determined (Figure 1). (1) There were no significant differences in the AST, ALT and LDH between the young rat control group (group A) and the aged rat control group (group D); (2) The AST, ALT, and LDH of groups HMP with UW solution (groups B and E of UWP) were significantly higher than groups A and D (P < 0.05), Besides, the AST and ALT of aged group E were significantly higher than young group B (P < 0.05); (3) The AST, ALT, and LDH of groups HMP with metformin-UW solution (MUWP), which was divided into young group C and aged group F were, respectively, significantly lower than the young group B and aged group E of UWP (P < 0.05), furthermore, no significant differences between the young and the aged group were found.
Detection of IL-18 and TNF-α levels in the perfused liquid were measured by enzyme-linked immunosorbent assay (ELISA) technique (Figure 2). There were no significant differences in levels of IL-18 and TNF-α between the young rat control group (group A) and the aged rat control group (group D); IL-18 and TNF-α levels of groups UWP were significantly higher than control group (P < 0.05), nevertheless, there were no significant differences between the young group B and the aged group E of UWP; IL-18 and TNF-α levels of the young group C and the aged group F of MUWP were, respectively, appreciably lower than the young group B and the aged group E of UWP (P < 0.05), but no significant differences between the young group C and the aged group F of MUWP were found.

Result of the expression level of target proteins
Discriminant analysis of grayscale relative value with histogram was used to determine the expression level of p-eNOS, t-eNOS, p-AMPK, and t-AMPK from the liver sinusoidal endothelial cells of young rats (Figure 3). (1) The expression level of p-eNOS in the MUWP group, which with the addition of metformin, was significantly higher (80.1%) than the control group (P = 0.036) and 205.88% higher than group UWP (P = 0.008), which was significantly (41.1%) lower than group control (P = 0.045) (Figure 3B); (2) Expression levels of t-eNOS exhibited no significant differences between the control group with the UWP and MUWP groups (P = 0.251) (Figure 3C); (3) The expression level of p-AMPK in group MUWP was significantly higher (51.7%) than the control group (P = 0.038) and 78.5% higher than the UWP group (P = 0.018), even though there were no significant differences between the control and the UWP groups (P = 0.217) (Figure 3D); (4) Expression levels of t-AMPK demonstrated no significant differences between the control group with the UWP and the MUWP groups (P = 0.868) (Figure 3E).

Histo-morphological examination
The HE staining of the sections were observed under the microscope. (1) The hepatocyte in the young rat control group (group A) and the aged rat control group (group D) were shaped normally with no stenos is observed in the hepatic sinusoid and no swelling in the sinusoidal endothelial cells. The size of hepatocytes in group D were slightly larger than that in group A (Figure 4A-D); (2) Cellular swelling was obvious, accompanied by appearing to be narrower of the hepatic sinusoid and, widely distributed in groups B and E of UWP without metformin, particularly, more severely in the aged group E. The swelling of the sinusoidal endothelial cells, as well as the Kupffer cells were observed in both groups of B and E (Figure 4B-E). (3) Hepatocytes of MUWP group showed mild edema; slightly more severe in group F than that in group C, and there were no obvious differences in the hepatic sinusoid between each other. Cellular swelling of sinusoidal endothelial cells was inconspicuous in both the groups; however, a small amount of Kupffer cells were observed (Figure 4C-F); (4) There were no significant differences in the histologic scores between the young rat control group (group A) and the aged rat control group (group D) (P < 0.05); The histologic scores of the young rat group and the aged rat group of UWP and MUWP were, respectively, appreciably higher than young rat control group (group A) and the aged rat control group (group D), and that histologic scores of the young group C and the aged group F of MUWP were, respectively, appreciably lower than the young group B and the aged group E of UWP (P < 0.05); Besides, the histologic scores of aged group E were significantly higher than young group B of UWP (P < 0.05), furthermore, no significant differences between the young group C and the aged group F of MUWP (Figure 4G) were found.


Electron microscopy histological observation
The ultrastructural changes in the hepatocyte were observed under electron microscope: (1) Structure of the hepatocytes in the young control group A and aged control group D were generally normal with a round and clear nucleus that lay in the center of the cells, while lipid droplets in the cytoplasm increased in the aged group D, and fat-storing cells were seen in the Disse's space with irregular cell shapes, and the cytoplasm in it contained a large amount of lipid droplets. In contrast, lipid droplets and fat-storing cells were not found in the young group A, but contained rich cytoplasmic organelles (Figure 5A-D); (2) Hepatocyte swelling, nucleus chromatin condensation, obviously wide mitochondrial swelling, and crista fragmentation were observed in groups B and E of UWP, more severe in the aged group E. Likewise, fat-storing cells in the Disse's space increased in the aged group E; and not found in the young group E (Figure 5B-E); (3) In contrast, the hepatocytes of the MUWP group showed mild edema with the round shape of the nucleus, slightly more evident in the young group C than in the aged group F, and also the mitochondrial swelling degree was slightly higher in the young group C. In addition, lipid droplets in the cytoplasm increased, increase in the amount of fat-storing cells, dilation of the smooth endoplasmic reticulum and intercellular collagenous fibrosis were only seen in the aged group F (Figure 5C-F).
The ultrastructural changes of the hepatic sinusoid were observed under the electron microscope: (1) Structure of the hepatic sinusoidal endothelial cells in the young control group A and the aged control group D remained generally complete with protrusion into the sinusoid, being clear in the young group A, Kupffer cells were seen in the aged group D, though (Figure 6A-D); (2) Sinusoidal endothelial cells were kept meristematic and flat-shaped, with chromatin showing mild margination, and cell debris-like structure together with Kupffer cells in the sinusoids were increased in groups B and E of UWP, particularly, more severely in aged group E. Likewise, fat-storing cells increased in the aged group E, while they were not found in the young group E (Figure 6B-E); (3) The structure of the hepatic sinusoidal endothelial cells of MUWP groups remained generally normal, while a slightly larger cell-volume were seen in the aged group F, cubic-shaped with protrusion into the sinusoid in the young group C. In addition, the low-electron-density protein substance could be seen in the sinusoid in the aged group F.

DISCUSSION
An increasing number of patients with liver disease await liver transplantation; the acute shortage of donor livers is only likely to continue. It was believed that aged livers from donors above 60 years old were characterized by small sizes, atherosclerosis, steatosis, and decreased function of metabolism, and were not suitable for donation[17]. However, to cope with the demand for donor livers, marginal liver donation has been applied clinically after following strict screening protocols with good transplantation outcomes and breaking the myth for the age limit of liver donors[18,19]. Unlike hearts, lungs, and kidneys, livers are much less influenced by age in respect of pathophysiological changes. However, aged livers also show morphologic changes, such as hepatic fibrosis, swelling of hepatocyte, trend for multinucleation, increase of lipofuscin, and reduction in the size of the hepatocyte. Compared with young donors, aged donors show reduced and shrunken fenestra of liver sinusoidal endothelial cells, thickened hepatic sinusoidal endothelium, and pseudo capillarization formed by discontinuous basement membranes, leading to potential microcirculatory disturbance and a risk of aggravating IRI[20]. Thus, easier apoptosis and detachment of liver sinusoidal endothelial cells of aged livers further aggravate microcirculatory disturbance, seriously influence post-transplant effects and even cause failure of some liver transplantation[21]. According to the results of this experiment, aged groups appear to be more sensitive to the possible protective effect of metformin. Furthermore, the histological observations of light and electron microscopy also support this conclusion.
In order to prevent cold ischemia injury, auxiliary protective intervention by drugs with different mechanisms of action, including the MAPK agonist is being explored[22]. Scientists from different academic institution shave published research articles in which they revealed the molecular mechanism by which metformin could activate AMPK and inhibit the mTORC1 signaling pathway within livers via the AXIN/ LKB1-v-ATPase-Ragulator pathway[23,24], protect the integrity of epithelial cells in multiple stressed conditions (such as inflammation, infection and anoxia), and even demonstrate an anticancer effect[25-27]. Before revealing this molecular mechanism, it was known that AMPK activation played a critical role in reducing liver IRI. However, how AMPK and eNOS phosphorylation direct their effects on the endothelial function is still elusive[28], even if there is plenty of evidence to show that AMPK activation can enhance the activity of eNOS, resulting in generation of nitric oxide[15,29,30].Extension of cold preservation by maintaining a supercooled state, donor liver cells can remain viable up to 96 h; human livers showed improvement in endothelial function with 2 h of HMP[31]. In the current study, the AMPK activator metformin was added to ex vivo HMP models of rat livers in UW solution after HMP for 12 h Our results showed all the biochemical indexes and inflammatory factors in the UWP group were significantly higher than the control group, but HMP with the addition of metformin beforehand, all the indexes in both young and the aged group of MUWP, respectively, were appreciably lower than the young and aged group of UWP. By the histological observation of light and electron microscopy, injury of the related microstructure of MUWP was lighter than UWP. To a certain extent, it can be deduced that metformin activated protective mechanisms. Expression level of eNOS and AMPK in the liver sinusoidal endothelial cells of young rats showed that phosphorylation of AMPK and eNOS were increased in group of MUWP at 12 h after HMP; this can be inferred as the AMPK/eNOS pathway was activated ex vivo by metformin.
The experiment confirmed that the addition of metformin into organ preservation solution, can activate the AMPK/eNOS pathway, and can not only significantly decrease inevitable injury of donor livers caused by long-term HMP, but can reduce the difference between aged and young livers after HMP, protecting livers of aged rats, which should probably improve the utilization of marginal liver donor tissues. However, whether metformin can sequentially improve hepatic injury during reperfusion-ischemia requires further investigation. But at least, we provided a novel idea, which is also a simple procedure for drug auxiliary intervention with HMP in ex vivo rats’ donor liver and deserves further research with a promising prospect.
In conclusion, this experiment confirmed that metformin can activate the AMPK/eNOS pathway and reduce injury of ex vivo rat liver during cold ischemia in MP. The combination of metformin with the organ preservation solution effectively enhanced the quality of donor livers, with significant protective effects of livers especially of aged rats, which could be used to improve the utilization of marginal liver.

ARTICLE HIGHLIGHTS
Research background
Liver transplantation is the only effective therapy for the end-stage liver disease. At present, due to the shortage of liver donation, marginal donation, which includes aged donation, adipo-hepatic donation, and donation after cardiac death, increases the risk for more severe ischemic reperfusion injury (IRI) because of suboptimal function and long-term warm and cold ischemia. Therefore, there is a current pressing need to explore and improve methods of organ preservation and minimize IRI of donor livers during transplantation.

Research motivation
According to the latest research, machine perfusion has been meaningful for the preservation and repair of marginal liver donation. Another important direction of research on donor liver cold preservation is the auxiliary protective intervention of donor livers against IRI factors of microcirculation and hepatocyte metabolism through drugs. Activation of adenosine 5'-monophosphate-activated protein kinase (AMPK) signaling pathways increases eNOS activity generating nitric oxide (NO), which plays an important role in the protection of liver sinusoidal endothelial cells. Metformin is an agonist of AMPK. Hence, we assumed that liver sinusoidal endothelial cells can be protected from injury by activating AMPK signaling pathways with the addition of metformin perfused in vitro, and could ultimately cause an improvement of liver donor organ preservation.

Research objectives 
Consequently, in this experiment, we added metformin to University of Wisconsin (UW) solution, to compare the effect of UW solution with or without metformin, an AMPK activator, for preserving standard and marginal criteria liver grafts of young and aged rats ex vivo by hypothermic machine perfusion (HMP).

Research methods
Eighteen young (4-mo-old) and 18 aged (17-mo-old) healthy male SD rats were selected and randomly divided into 3 groups-the control group, the UW solution perfusion group (UWP), and the UW solution with metformin perfusion group (MUWP). Aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), interleukin-18 (IL-18), and tumor necrosis factor-alpha (TNF-α) from the perfused liquid were tested. The expression levels of AMPK and eNOS from liver sinusoidal endothelial cells were also examined. Additionally, microscopic evaluation was done to the harvested perfused liver tissue samples.

Research results
AST, ALT, LDH, IL-18 and TNF-α levels of the young and aged liver-perfused liquid in the MUWP group were, respectively, significantly lower than that in the UWP group (P < 0.05), but no significant differences between the young and aged MUWP groups were found. Metformin increased the expression of AMPK and eNOS protein level, and promoted the extracellular release of nitric oxide through activation of the AMPK-eNOS mediated pathway. Histological examination revealed that in the MUWP group, the extent of liver cells and tissue damage was significantly reduced compared with the UWP group.

Research conclusions
This experiment confirmed that the addition of metformin into organ preservation solution, can activate AMPK/eNOS pathway, and can not only reduce injury of ex vivo rat liver during cold ischemia, but can reduce the difference between aged and young livers after HMP, with especially significant effects of protecting livers of aged rats, which should probably improve the utilization of marginal liver donor tissues. However, whether metformin can sequentially improve hepatic injury during reperfusion-ischemia requires further investigation. But at least, we provided a novel idea, which is also a simple procedure for drug auxiliary intervention with HMP in ex vivo rats’ donor liver and deserves further research with a promising prospect.
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Figure 1 Content analysis of biochemical indicators in the perfused liquid. Aspartate aminotransferase (AST), alanine transaminase (ALT) and lactate dehydrogenase (LDH) levels (mean ± SD) in the perfused liquid of the ex vivo livers of the three groups, the CTRL (control groups A and D), UWP (UW solution perfusion groups B and E), and the MUWP (metformin perfusion groups C and F). Data are presented as means ± SD (n= 6) and compared by two-way analysis of variance and method of the Sidak's multiple comparisons test.
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Figure 2 Content analysis of inflammatory factors in the perfused liquid. The IL-18 and TNF-α levels in the perfused liquid (mean ± SD)of the ex vivo livers of the three groups, the CTRL (control groups A and D), UWP (UW solution perfusion groups B and E), and the MUWP (metformin perfusion groups C and F). Data are presented as means ± SD (n= 6) and compared by two-way analysis of variance, method of the Tukey's and Sidak's multiple comparisons test: aP < 0.05 vs group B; bP < 0.05 vsgroup E; cP < 0.05 vs group B; dP < 0.05 vs group E.



[image: C:\Users\Chai\AppData\Roaming\Tencent\Users\366172356\QQ\WinTemp\RichOle\%FNZ9{TIQTT)7{DR[3M6TZ6.png]
Figure 3 Histograms of grayscale relative value of the expression level of p-eNOS, t-eNOS, p-AMPK, and t-AMPK from the liver sinusoidal endothelial cells of young rats. AMPK/eNOS pathway was activated ex vivo by metformin. A: Phosphorylation of AMPK and eNOS were increased in the MUWP group at 12 h after HMP; B-E: Quantitative analysis of total AMPK, total NOS, phosphorylated AMPK, and eNOS expression are presented. CTRL (control groups A and D), UWP (UW solution perfusion groups B and E), and the MUWP (metformin perfusion groups C and F). Data are presented as means ± SD (n= 3) and compared by ordinary one-way analysis of variance and method of the Dunnett's multiple comparisons test: aP < 0.05 vs group of CTRL; bP < 0.05 vs group of CTRL; cP < 0.05 vs group of UWP.
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Figure 4 Staining of the slices of the ex vivo rat liver tissue, magnification by 40 x. A and D: Respectively, are the young control group A and the aged control group D; B and E: Respectively, are the young group B and aged group E of UWP without metformin; C and F:Respectively, are the young group C and the aged group F of MUWP; G:Ishistopathologic scoring of structural injury in each group. Data are presented as means ± SD (n = 6) and compared by Kruskal-Wallis one-way analysis of variance on ranks and Mann-Whitney U test: aP < 0.05 vs group B of UWP; bP < 0.05 vs group E of UWP. Original magnification (A–F): × 400. UW: University of Wisconsin; UWP: UW solution perfusion; MUWP: Metformin perfusion solution.
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Figure 5 Ultrastructural changes of the hepatocyte. Images A and D: Respectively, are hepatocytes of the young control group A and the aged control group D; Images B and E: Respectively, are hepatocytes of the young group B and aged group E of the UWP without metformin; Images C and F: Respectively, are hepatocytes of the young group C and aged group F of the MUWP group. The black arrow indicates the nucleus, the white arrow indicates the intracellular mitochondria of the young groups, and the white triangles indicate the intracellular mitochondria of the aged groups. UW: University of Wisconsin; UWP: UW solution perfusion; MUWP: Metformin perfusion solution. Original magnification (A–F): × 10000.
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Figure 6 Ultrastructural changes of the liver sinusoidal endothelial cell. Images A and D: Respectively, are sinusoidal endothelial cells of the young control group A and the aged control group D; Images B and E: Respectively, are sinusoidal endothelial cells of the young group B and aged group E of UWP; Images C and F: Respectively, are sinusoidal endothelial cells of the young group C and aged group F of MUWP. UW: University of Wisconsin; UWP: UW solution perfusion; MUWP: Metformin perfusion solution. Original magnification (A–F): × 10000.
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