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Abstract

Background

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease.

Poor regeneration after hepatectomy in NAFLD is well recognized, but the mechanism

is unclear. Endoplasmic reticulum (ER) stress plays an important role in the

development of NAFLD. Here, we show that an impaired ER stress response

contributes to poor liver regeneration in partially hepatectomized mice.

Methods

Non-alcoholic fatty liver (NAFL) or non-alcoholic steatohepatitis (NASH) was induced

in mice using our patented feed and 70% partial hepatectomy (PH) was performed.

Mice were sacrificed 0, 4, 8, 24, or 48 hours, or 7 days after PH, and liver regeneration

and the mRNA expression of ER stress markers were assessed.

Results

NAFLD activity score was calculated as 4-6 points for NAFL and 7 points for NASH.

NASH was characterized by inflammation and high ER stress marker expression before

PH. After PH, NASH mice showed poorer liver regeneration than controls. High

expression of proinflammatory cytokine genes was present in NASH mice 4 hours after

PH. Xbpl-s mRNA expression was high in control and NAFL mice after PH, but no
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higher in NASH mice.

Conclusions

Dysfunction of the ER stress response might be a cause of poor liver regeneration in

NASH.
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Background

The prevalence of non-alcoholic fatty liver disease (NAFLD) is increasing

worldwide and it has become one of the most common chronic liver diseases [1].

Furthermore, NAFLD is a risk factor for both primary and metastatic liver malignancy.

The liver is characterized by a strong regenerative ability, and the only curative therapy

for liver cancer is hepatectomy. However, NAFLD, and especially non-alcoholic

steatohepatitis (NASH), is associated with a higher risk of postoperative complications

after hepatectomy, such as admission to the intensive care unit, infections, and liver

failure, which is associated with a high level of mortality [1-2]. Furthermore, the

incidence of post-hepatectomy mortality has also been reported to be higher in patients

with NASH [1,3], and mice with fatty liver show poor liver regeneration and a lower

survival rate after hepatectomy [4]. This impairment in the ability of the liver to

regenerate may limit the indications for hepatectomy and reduce the incidence of cure in

patients with liver cancer who have NASH. Previously, excessive oxidative stress and a

disorder of autophagic flux have been reported to be potential mechanisms for the

impairment in liver regeneration that characterizes NASH [5,6]. However, no studies to

date have been able to fully characterize the mechanisms involved. Therefore, the

identification of the mechanisms of the poor liver regeneration that characterizes NASH
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and the development of appropriate therapeutic strategies are major challenges in the

field of hepatobiliary surgery.

The endoplasmic reticulum (ER) stress response plays an important role in the

maintenance of cellular homeostasis in the face of various types of stress [7]. There are

three stress sensor pathways in the ER lumen, which involve inositol-requiring enzyme-

lo (IRE-1a), PKR-like endoplasmic reticulum kinase (PERK), and activating

transcription factor 6 (ATF6) [7]. Chronic ER stress is known as important factor in the

onset of NAFLD, the transition to non-alcoholic steatohepatitis (NASH), and

hepatocarcinogenesis [8]. Essentially, activated IRE-1a spliced unspliced form of X

box-binding protein 1 (XBP-1u), and the spliced form of XBP1 (XBP-1s) contribute to

cell survival by inducing the expression of genes involved in ER-associated degradation

and molecular chaperones [7]. Several investigators have previously reported a

relationship between the ER stress response via IRE-1a -XBP-1s axis and liver

regeneration after hepatectomy, especially in early phase [9-11]. Liu et al. demonstrated

that IRE-10 promotes liver regeneration through the regulation of the signal transducer

and activator of transcription 3 (STAT3) pathway [9]. Argemi et al. also showed that the

expression of XBP-1s is induced immediately after hepatectomy, and that this regulates

the unfolded protein response, acute phase response, and DNA damage repair during
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liver regeneration [10]. Hamano et al. reported lipid overloading during liver

regeneration might be caused ER stress and results in delayed liver regeneration in

simple steatosis mice [11]. On the other hands, there are only a few reports which

indicate the relationship between the other ER stress pathways, PREK and ATF-6, and

liver regeneration [12]. And some studies also showed only IRE-1a-XBP-1s axis has

relation to liver regeneration [9-10]. Thus, dysregulation of the ER stress response,

especially IRE-1a-XBP-1s axis, may explain the poor liver regeneration in patients with

NASH who undergo hepatectomy.

NAFLD includes very wide disease concept, from simple steatosis to NASH,

and NASH related hepatocarcinogenesis. However, many of past studies focused on

NAFLD have not state which stage their models are. We already established diet

induced NAFL and NASH mice model [13]. And our models reflect similar

pathophysiological features of human NAFL and NASH [13]. In this study, we use our

the novel NAFL and NASH mice model, and identify their similarities and differences

in liver regeneration after partial hepatectomy.

In the present study, we aimed to identify the mechanism of liver regeneration

in a mouse model of NAFL and NASH, focusing on the ER stress response, and the

IRE-10-XBP-1s axis in particular.
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Material and Methods

Ethics declarations

The present study was conducted in compliance with the requirements of the

Division for Animal Research Resources, Tokushima University. The experiments and

procedures were approved by the Animal Care and Use Committee of Tokushima

University.

Mice

Six-week-old male C57BL/6 mice were purchased from Charles River

Laboratories Japan, Inc. (Kanagawa, Japan). They were housed at room temperature and

humidity under a 12-hour dark/light cycle (lights on at 08:00) and had free access to

water and feed. The mice were allocated to three groups: control, non-alcoholic fatty

liver (NAFL), and NASH groups, according to the feed they consumed. Before feeding

each diet, all mice were consumed standard laboratory chow for 1 week. After this

period, the control mice were fed a standard diet for 10 weeks, the NAFL mice were fed

a high-fat diet (HFD) containing palm oil and cholesterol (Oriental Yeast Co., Ltd.

Tokyo, Japan) for 10 weeks, and the NASH mice were fed the specially developed
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IHFC, which contained palm oil, cholesterol, and cholic acid (Hayashi Kasei, Osaka,

Japan), and reproduces the pathophysiology of NASH, for 16 weeks. [13]. Unlike

conventional models of NASH, such as the methionine and choline-deficient diet

model, leptin-deficient mice, or drug-induced models, iHFC induces NASH with

fibrosis without the need for genetic manipulation or a deficiency of specific nutrients

[13]. Moreover, the pathogenetic mechanism of the NASH induced by this diet involves

obesity and insulin resistance, which closely mirrors the pathophysiological

characteristics of human NASH [13]. Therefore, we consider that this model of NASH

is more suitable for the study of NASH than the more conventional models.

Surgical procedures

All the surgical procedures were performed under anesthesia that was induced

and maintained using 2.0% isoflurane. Seventy-percent partial hepatectomy (PH) was

performed as previously reported [14]. Briefly, a midline incision of ~2 cm was made,

the falciform ligament and membranes around the left lateral lobe of the liver were

dissected, and then the median and left lateral lobes were mobilized. The base of the left

lateral lobe was ligated first, followed by the base of the median lobe, using 4-0 silk.

The lobes were then removed, and finally the peritoneum and skin were closed using 4-
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0 sutures. Subsequently, the mice were sacrificed 0, 4, 8, 24, or 48 h, or 7 days

following hepatectomy (10 mice for each group for survival rate analysis, and 6 mice

for each time point and each group for the other analysis). Immediately before

euthanasia, cardiac blood samples were collected for biochemical analysis. The remnant

liver was harvested and weighed, then one portion of the caudate lobe was placed in

RNAlater (Thermo Fisher Scientific, Inc., Waltham, MA, USA) for RT-PCR and the

other portion was fixed in 10% formaldehyde for histological assessment.

Liver regeneration rate

Liver regeneration was assessed using the ratio of the mass of the remnant liver

(right and caudate lobes) to body mass. There are differences in both body and liver

mass before hepatectomy among three groups due to the differences of their food. Thus,

liver regeneration rate (LRR) was adjusted for preoperative remnant liver (right and

caudate lobes) to body mass ratio of each group. LLR was calculated as LLR =

(remnant liver mass after hepatectomy/body mass before hepatectomy)/(mean remnant

liver-to-body mass ratio before hepatectomy).

NAFLD activity score
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NAFLD activity score was assessed using Kleiner’s method and hematoxylin

and eosin (H&E)-stained liver sections [15], and fibrosis was scored using azan-stained

samples.

Immunohistochemistry

Immunohistochemistry was performed as previously reported [16]. Anti-

caspase-3 antibody (dilution 1:200, #9661; Cell Signaling Technology, Inc., Danvers,

MA, USA) and anti-proliferating cell nuclear antigen (PCNA; dilution 1:3,000, #10205-

2-AP; PeproTech, Inc., Rocky Hill, NJ, USA) antibody were used as the primary

antibodies.

We manually counted the caspase-3-positive hepatocytes in three high-power

fields (400x magnification) per mouse and calculated the mean number of caspase-3-

positive hepatocytes. We also counted the number of PCNA-positive nuclei and the total

number of nuclei in the hepatocytes in 3 high-power fields (200x magnification) and

calculated the proportion of PCNA-positive cells.

Histological assessments were performed by two expert pathologists.

Lipid droplet count
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The number of lipid droplets (LDs) was counted using the image analysis

software ImageJ (National Institute of Health, Bethesda, MD, USA) [17]. High-

magnification H&E-stained images were opened in Image J, and at this magnification,

5.88 pixels were equivalent to 1 um. After excluding blood vessels, images were

converted to grayscale (8 bit; green), then the areas of the LDs were calculated using

minimum and maximum thresholds of 220 and 255, respectively. In the present study,

we focused on large LDs, which were defined as being larger than the nuclei of the

hepatocytes (~10 um), and counted LDs with diameters >10 um using the particle

function. Counts were recorded as the mean values for three microscopic fields per

mouse.

Real-time PCR analysis

RNA was extracted from liver tissue using RNeasy Mini Kits (Qiagen, Hilden,

Germany), in accordance with the manufacturer’s instructions. cDNA was synthesized

using a reverse transcription kit (Applied Biosystems, Foster City, CA, USA). The

following primers were used for TagMan gene expression assays (Thermo Fisher

Scientific, Inc., Waltham, MA, USA): interleukin-6 (IL-6; Mm00446190_m1), tumor

necrosis factor-o. (TNF-o; Mm00443528 ml), IRE-1a (Mm00470233 ml), XBP-1s
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(MmO03464496_m1), unspliced XBP-1 (XBP-1u; Mm03464497_s1), hepatocyte growth

factor (HGF; Mm01135184_m1), transforming growth factor-p (TGF-f;

Mm01178820_m1), STAT-3 (Mm01219775_m1), fat-specific protein-27 (FSP-27;

Mm01219775_m1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH,;

4352339E). RT-PCR was performed using an Applied Biosystems 7500 real-time PCR

system and the expression of the target genes was normalized to that of the reference

gene GAPDH.

Biochemical analysis

The serum levels of alanine aminotransferase (ALT) before hepatectomy were

measured by Shikoku Chuken, Inc. Kagawa, Japan.

Statistical analysis

Data are presented as the mean + standard deviation (SD). Comparisons among

the three groups were made using the Mann-Whitney U-test or ANOVA test. P < 0.05

was considered to represent statistical significance. We used JMP 8.0.1 (SAS Institute

Inc., Cary, NC, USA) to perform all the statistical analyses.
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Results

Evaluation of the NASH model

Reflecting the steatosis present, livers from NAFL and NASH mice were paler

than those from controls (Figure. 1a). Table 1 shows the NAFLD activity scores for

each group. Although steatosis and ballooning were present in liver sections from both

NAFL and NASH mice, there was more severe inflammation in the NASH mice (Figure

1b). Moreover, liver fibrosis was only observed in the livers of NASH mice (Figure 1c).

The NAFL and NASH mice were significantly heavier than the controls (Figure 1d),

and the liver-to-body mass ratio of the NASH mice was significantly higher than those

of the control and NAFL mice (Figure 1e). These findings are consistent with the

pathophysiology of NAFL and NASH.

Expression of markers of inflammation and ER stress before PH

No significant differences were observed in IL-6 MRNA expression among the

three groups, but the expression of TNF- o mRNA expression was high in NASH mice

prior to hepatectomy (Figure 2a, b). The expression of IRE-1a and XBP-1s mRNA was

lower in both the NAFL and NASH mice than in controls (Figure 2c, d), but the XBP-

1s/XBP-1u mRNA expression ratio and serum ALT level were higher in the NASH mice
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(Figure 2e, f). Therefore, NASH appears to be characterized by chronic ER stress.

Liver regeneration and survival rate after PH

The liver regeneration of the NASH mice was significantly poorer than that of

the control mice from 24 hours after PH (Figure 3a). In contrast, the NAFL mice

showed comparable liver regeneration to control mice until 48 hours after PH. However,

liver regeneration was significantly worse in both the NAFL and NASH mice than in

controls 1 week after PH (Figure 3a). Nevertheless, the NAFL mice had a superior LRR

to the NASH mice. Reflecting their poor liver regeneration, the 1-week survival rates

were only 40% for the NASH mice and 60% for the NAFL mice (Figure 3b).

Expression of growth factor genes after PH

HGF is an accelerator of liver regeneration. No significant differences were

found in HGF mRNA expression among the three groups, either before or after PH

(Figure 3c). In contrast, TGF-B—a negative regulator of liver regeneration—was

expressed at a significantly higher level in NASH mice than in controls soon after PH

(Figure 3d). This suggests that liver regeneration was inhibited in NASH mice from

soon after PH.
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Expression of ER stress and proinflammatory cytokine genes after PH

The proinflammatory cytokines IL-6 and TNF-a are important for the initiation

of liver regeneration. The mMRNA expression of both 1L-6 and TNF- a was high in

NASH mice 4 hours following PH (Figure 4a, b). However, no significant differences

were observed in the expression of IRE-1oo mRNA among the three groups after PH

(Figure 4c, f). As previously reported [10], XBP-1s mRNA expression was swiftly

induced by PH in control and NAFL mice (Figure 4d), but the increase in XBP-1s

MRNA expression did not occur in the NASH mice (Figure 4d). Moreover, XBP-

1s/XBP-u, predictor of the degree of ER stress and following UPR, increased in control

and NAFL after hepatectomy (Figure 4e). However, in NASH, although XBP-1s/XBP-u

was significantly higher before hepatectomy (Figure 2e), it decreased immediately after

hepatectomy (Figure 4e). This result suggests that NASH may not be able to response to

acute stress of hepatectomy due to chronic and uncompensated ER stress. Furthermore,

STAT-3, which is downstream of XBP-1s and is involved in hepatocyte proliferation,

was also expressed at a significantly lower level in the NASH mice than in controls

soon after PH (Figure 4f).

Hepatocyte proliferation was assessed by immunostaining for PCNA. The
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proportion of PCNA-positive hepatocytes was significantly lower in the NASH mice

than in the control mice 24 and 48 hours after PH (Figure 5a). In contrast, there were

more caspase-3-positive hepatocytes in the livers of the NASH mice than in those of the

control or NAFL mice 24 hours after PH (Figure 5b). These results suggest that the

impaired ER stress response that characterizes NASH after PH inhibits hepatocyte

proliferation and induces apoptosis.

LD metabolism

In the early phase of liver regeneration following hepatectomy, LDs transiently

accumulate in hepatocytes, a phenomenon that is referred to as transient regeneration-

associated steatosis (TRAS) [18]. The accumulated LDs are broken down into fatty

acids, which undergo B-oxidation to provide energy for liver regeneration. In the control

mice, TRAS occurred from 4 hours after hepatectomy and peaked after 24 hours (Figure

6a). Microvesicular steatosis developed in the livers of control mice, but all the LDs had

disappeared by 1 week following PH. In contrast, in the NASH mice, there was

microvesicular steatosis before and soon after hepatectomy but, in addition, a large

number of large LDs accumulated from 8 hours after PH (Figure 6a), and the size and

number of these large LDs increased with time. Moreover, the large LDs remained until
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the late phase of liver regeneration.

The number of large LDs of >10 um was measured using Image J. Both in the

NAFL and NASH mice, the numbers of large LDs increased following hepatectomy.

However, the peak LD accumulation was 4 hours after hepatectomy in the NAFL mice,

whereas the LD accumulation continued until 24 hours after hepatectomy in the NASH

mice (Figure 6b). FSP27 is involved in the fusion and growth of LDs [19], and consistent

with the LD data, its expression increased in the NASH mice (Figure 6¢). These results

suggest that the utilization of fatty acids as an energy source is disrupted in the NASH

mice, which would imply a lack of energy supply for liver regeneration.

Discussion

In the present study, we have shown that the expression of IRE-1a and XBP-1s

is downregulated in mice with NASH or NAFL, reflecting chronic ER stress, and that

liver regeneration following hepatectomy in mice with NASH is impaired, perhaps

because of a poor ER stress response, and specifically low XBP-1s expression.

Moreover, we have also shown that there is a disorder of energy metabolism, indicated

by a substantial accumulation of large LDs in the liver of mice with NASH following

hepatectomy. And also, this is the first report to focused on the similarities and
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differences between NAFL and NASH during liver regeneration after hepatectomy.

In NASH mice, liver regeneration rate continually decreased until 48 hours

after hepatectomy. Ibis, et al. reported that liver hypertrophy depends on the extent of

liver resection [20]. The death in NASH group mainly occurred within 48 hours after

hepatectomy. Thus, in NASH, it seemed that liver regeneration almost did not progress

and remnant liver was atrophied due to excessive liver resection and resulting severe

acute liver failure.

We have also provided evidence for a role of XBP-1s and IRE-1a in liver

regeneration following hepatectomy. Hamano, et al. reported mice with simple hepatic

steatosis showed high expression of XBP-1s [11]. However, our NAFL and NASH

model showed significantly lower expression of XBP-1s than control before

hepatectomy (Figure 2d). Thus, it might be considered that the expression of XBP-1s

increases in simple steatosis, and decreases with the progression to NAFL and NASH

due to the uncompensated ER stress. Moreover, NASH showed significantly higher

XBP-1s/XBP-1u than control and NAFL before hepatectomy (Figure 2e). Although,

there are no consensus to quantify ER stress response, XBP-1s/XBP-1u has been used

to predict the degree of ER stress and following UPR [21]. Thus, low expression of

XBP-1s in NAFL and NASH may reflect chronic ER stress. And higher XBP-1s/XBP-
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1u in NASH may represent uncompensated ER stress response. Moreover, after
hepatectomy, both XBP-1s and XBP-1s/XBP-1u immediately increased in control and
NAFL (Figure 4e). However, in NASH, the expression of XBP-1s did not increase, and
XBP-1s/XBP-1u significantly decreased (Figure 4e). This phenomenon may reflect that
NASH cloud not response to acute stress of hepatectomy, due to chronic and
uncompensated ER stress.

In the present study, although hepatocyte proliferation is significantly poor in
NASH, there were no significant differences in the expression of HGF among the three
groups, either before or after PH (Figure 3c). In contrast, TGF-f3 was significantly
overexpressed in NASH soon after PH (Figure 3d). HGF is known to promote liver
regeneration by inducing the proliferation of hepatocytes. He et al. reported sustained
ER stress decrease the sensitivity of hepatocytes to HGF-induced proliferation [22].
TGF- B is also known as a negative regulator of liver regeneration. Zeng et al. reported
XBP-1s decreased TGF- 3 family protein secretion [23]. Taken together our results and
these previous reports, chronic ER stress in NASH may contribute to poor hepatocyte
proliferation by decreasing the sensitivity to HGF and increasing TGF-  expression
through XBP-1s downregulation.

Although XBP-1s expression is regulated by IRE-1a during the ER stress
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response, XBP-1s expression was significantly lower in the NASH mice after

hepatectomy, whereas there were no significant differences in IRE-1a expression among

the three groups during liver regeneration (Figure 4c, d). Argemi et al. reported that the

expression of XBP-1s is induced immediately after hepatectomy and that IL-6 knockout

mice do not show higher XBP-1s expression following hepatectomy [10]. This suggests

that XBP-1s expression may be regulated not only by IRE-1a, but also by

proinflammatory cytokines, such as IL-6. Moreover, Liu et al. reported that the

induction of TkappaB kinase beta (IKK[) expression by proinflammatory cytokines

causes the phosphorylation of XBP-1s, independent of IRE-1a [24]. However, the

chronic inflammation that develops alongside fatty liver leads to cytokine resistance,

and therefore an inactivation of IKKf [24]. In the present study, TNF-o expression was

high in the NASH mice before hepatectomy, then that of TNF-a and IL-6 was

excessively upregulated soon after hepatectomy. Thus, in NASH, a chronic ER stress

response and resistance to the cytokine-induced induction of XBP-1s may develop

following hepatectomy, preventing the upregulation of XBP-1s expression. STAT-3,

which is downstream of XBP-1s, is involved in hepatocyte proliferation after

hepatectomy [9,10] but, in the present study, the expression of STAT-3 was significantly

lower in the NASH mice than in controls after hepatectomy. Furthermore, the
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proportion of PCNA-positive hepatocytes was also significantly lower in the NASH

mice than in controls. These findings are considered to be the result of the defective

upregulation of XBP-1s in the NASH mice. In contrast, the proportion of caspase-3-

positive hepatocytes was significantly higher in the NASH mice than in controls. IRE-

la has two domains: an RNase domain and a kinase domain [25]. When the Rnase

domain is activated, XBP-1s is activated, which promotes cell survival [25]. In contrast,

prolonged or high levels of stress activate the kinase domain, which induces apoptosis

[25]. Thus, in the mice with NASH that underwent PH, the kinase domain may have

been activated by a prolonged period of ER stress.

The precise energy source for liver regeneration has not been fully established.

However, TRAS may be considered to be a general source of energy for liver

regeneration [18]. In the normal liver, TRAS occurred after hepatectomy and all the

mice accumulated LDs with microvesicular morphology in their livers. However, the

accumulation of large LDs was characteristic of the NASH mice. LD catabolism in

hepatocytes involves a combination of lipolysis and lipophagy. Lipolysis targets large

LDs and reduces their size, and these smaller LDs are subject to lipophagy [26]. FSP-27

is important for the fusion and growth of LDs and is an inhibitor of lipolysis [27], and

its expression was high at all the time points following hepatectomy in the NASH mice.
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Xu et, al. reported that FSP-27 expression is upregulated by ER stress [28].

Additionally, the IRE-1a-XBP-1s axis regulates lipid metabolism [29]. IRE-1a

modulates autophagy by promoting autophagosome-lysosome fusion [29], and XBP-1s

binds to and activates the promoter of the peroxisome proliferator-activated receptor a

(PPARa) gene, a key modulator of fatty acid oxidation [29]. Thus, the excessive

accumulation of large LDs after hepatectomy in the NASH mice was likely the result of

the higher expression of FSP-27 and the disruption of the ER stress response, which is

thought to reflect impaired lipid utilization.

The present study had several limitations. First, we only evaluated the IRE-1a-

XBP-1s axis, but ATF-6, PERK, and their downstream signals are also important for the

ER stress response. They work partially cooperatively and partially independently, and

their works are very complex. Although the lack of evaluation of the two pathways is a

major limitation of our study, it is still worthwhile to explain the cause of liver

regeneration failure in NASH via IRE-1-XBP-1 axis. Second, we did not evaluate

energy metabolism in detail during liver regeneration; instead, we limited our

assessment to LDs. In the future, it will be necessary to further evaluate the defect in

energy production by, for example, assessing monoconidial function or morphology;,

fatty acid oxidation, lipophagy, and ATP turnover. Third, we focused on the early phase
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of liver regeneration and demonstrated dysregulation of the ER stress response via IRE-

la-XBP-1s axis in the NASH mice. In contrast, the NAFL mice showed comparable

liver regeneration to normal mice until 48 hours after PH. However, in these mice, liver

regeneration was significantly worse than in the normal mice 1 week following PH.

Therefore, liver regeneration in NAFL may only be impaired in the mid-to-late phases.

Further studies will be required to completely elucidate the mechanism of the poor liver

regeneration in NAFL and NASH. There were no significant differences among 3

groups in XBP-1s 24 hours after hepatectomy. Thus, it may be difficult to use XBP-1s

as a biomarker after hepatectomy. The ratio of XBP-1s and XBP-1u was significantly

elevated in NASH than both control and NAFL before hepatectomy. So, in the context

of postoperative liver failure prediction, the ratio of XBP-1s and XBP-1u might be a

useful biomarker. Moreover, our findings suggest that the XBP-1s may represent a

therapeutic target for impaired liver regeneration after hepatectomy in patients with

NASH. Chemical chaperones, PPAR agonists, and AMP-activated protein Kinase

agonists have been reported to modulate ER stress [30]. Furthermore, cell therapies

using mesenchymal stem cells or hepatocyte-like cells differentiated from stem cells

may also represent candidate therapies [31,32].

In conclusion, an impaired ER stress response, and especially dysregulation of
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XBP-1s, might underpin poor liver regeneration in NASH.
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514  Tablel: NAFLD activity score among three groups
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Steatosis Inflammation Ballooning Total Fibrosis
Control 0 0 0 0 0
NAFL 2-3 0-1 2 4-6 0
NASH 3 2 2 7 1
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Figure legends

Figure 1. Evaluation of non-alcoholic fatty liver (NAFL) and non-alcoholic

steatohepatitis (NASH) models

(a) Appearance of the liver. (b) Hematoxylin and eosin-stained liver sections (x100). (c)

Azan-stained liver sections (x100). (d) Body mass. (e) Liver-to-body mass ratio.

*P<0.05 **P<0.01

Figure 2. Expression of markers of inflammation and endoplasmic reticulum (ER)

stress prior to hepatectomy

(@) Interleukin-6 (IL-6) mMRNA. (b) Tumor necrosis factor-o (TNF-a) mRNA

expression. (c) IRE-1a mRNA expression. (d) XBP-1s mRNA expression.

(e) Ratio of XBP-1s to XBP-1u mRNA expression. (f) Serum alanine transaminase

(ALT) level.

*P<0.05, **P<0.01.

Figure 3. Liver regeneration after hepatectomy.

(a) Liver regeneration rate (LRR). (b) Survival rate after hepatectomy. The 1-week
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survival rates were 90%, 60%, and 40% for control, NAFL, and NASH mice,

respectively. (n=10 for each group) (c) Hepatocyte growth factor (HGF) mRNA. (d)

Transforming growth factor beta (TGF-p) mRNA.

*P<0.05 P<0.01.

Figure 4. Expression of markers of inflammation and endoplasmic reticulum (ER)

stress after hepatectomy.

(@) Interleukin-6 (IL-6) mMRNA. (b) Tumor necrosis factor-o (TNF-a) mRNA

expression. (c) IRE-1a mRNA expression. (d) XBP-1s mRNA expression.

(e) mRNA expression ratio of XBP-1s to XBP-1u. (f) STAT-3 mRNA expression.

*P<0.05 **P<0.01.

Figure 5. Immunohistochemistry of proliferating cell nuclear antigen (PCNA) and

Caspase-3.

(a) PCNA positive hepatocyte rates at 24 and 48 hours after hepatectomy.

(b) Caspase-3 positive hepatocyte counts at 24 hours after hepatectomy.

*P<0.05, **P<0.01.

Figure 6. Lipid droplets (LDs) evaluation.



553

554

555

34

(a) hematoxylin and eosin (H&E)-stained liver sections of control and NASH. (b) Large

lipid droplets (>10 um) count. (c) Fat specific protein 27 (FSP27) mRNA expression.

*P<0.05 **P<0.01.
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