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Abstract: Total parenteral nutrition (TPN) is an artificial way to support daily nutritional
requirements by bypassing the digestive system, but long-term TPN administration may
cause severe liver dysfunction. Glycyrrhizin is an active component of licorice root that has
been widely used to treat chronic hepatitis. The aim of this study is to investigate the
hepatoprotective effect of glycyrrhizin on TPN-associated acute liver injury in vivo. Liver
dysfunction was induced by intravenous infusion of TPN at a flow rate of 20 mL/kg/h for
three h in Sprague Dawley rats. The rats were pretreated with Glycyrrhizin (1, 3 and
10 mg/kg intravenously). After receiving TPN or saline (control group) for three h, the rats
were sacrificed, blood samples were collected for biochemical analyses and liver tissue
was removed for histopathological and immunohistochemical examination. We found that
aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (TB) and
triglyceride (TG) levels were significantly increased in the TPN group without glycyrrhizin
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pretreatment and decreased in the glycyrrhizin-pretreated TPN group in a dose-dependent
manner. The stained liver sections showed that glycyrrhizin relieved acute liver injury. The
upregulation of serum protein biomarkers of reactive nitrogen species, including nitrotyrosine
and inducible NO synthase (iNOS), were attenuated by glycyrrhizin pretreatment. Levels
of endoplasmic reticulum (ER) stress factors, such as phosphorylation of JNK1/2, p38
MAPK and CHOP, were decreased by glycyrrhizin pretreatment. In summary, our results
suggest that glycyrrhizin decreases TPN-associated acute liver injury factors by suppressing
endoplasmic reticulum stress and reactive nitrogen stress.
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1. Introduction

Total parenteral nutrition (TPN) is a method for providing nutrients, such as glucose, amino acids,
lipids, added vitamins and dietary minerals, to patients who are unable to sustain adequate nutrition by
standard enteral means, namely, those who suffer from gastrointestinal disorders. However, long-term
TPN administration increases the risks of hyperglycemia, hepatic inflammation, steatosis, insulin
resistance and reduced immune responses [1,2]; among these, hepatitis is one of the most frequent
complications [3,4]. Although several factors have been associated with a high risk of chronic
TPN-induced hepatitis [5], such as enteral feeding history, septic events, length of intestinal resection
and prematurity/low birth weight, its pathogenic mechanism is not fully understood [6,7].

Previous studies demonstrated three possible routes of pathogenesis for chronic TPN-induced
hepatitis: direct toxic effect of detergent-like bile salts [8—14], increasing oxidative stress [15-20] and
hepatocyte apoptosis [21-23]. According to Loff ef al. and Shamir et al., injury to liver acinar Zone 3,
which is composed of hepatocytes located around the hepatic venule that are mainly involved in the
production of bile salt, was found in TPN related hepatitis in animal models [12,13]. TPN-related
hepatic injury in Zone 3 might be a typical feature for the direct toxic effect of the bile salt [13,14].
Moreover, TPN is an important source of oxidants and peroxides that are derived mainly from the
reduction of dissolved oxygen by electron donors, such as vitamin C, amino acids and lipids [16].
Peroxide-induced oxidative stress from TPN can trigger pro-inflammatory cytokines and activate
inflammatory cytokine cascades [15,16]. Cytokines can be negatively regulated by Suppressors of
Cytokines Signaling (SOCS), which is a protein that is highly upregulated in response to pro-inflammatory
cytokines [18,19]. In addition, hepatocyte apoptosis has been observed at 24 h after TPN administration in
a mouse model and is correlated with the increased expression of Fas, the pro-apoptotic factor Bad and
the anti-apoptotic factor Bel-xl [21]. Katz’s group also observed that administering TPN to mouse
for 14 days increased hepatocyte apoptosis in bowel resection mouse [24]. Hepatocytes are very
susceptible to endoplasmic reticulum (ER) stress, and ER-stressed hepatocytes are more susceptible to
tumor necrosis factor-a-induced cell death and apoptosis [25].

Recently, glycyrrhizin has been reported to exhibit hepatoprotective effects in the treatment of viral
hepatitis [26]. Glycyrrhizin (GL; Figure 1) is an active compound isolated from the root of licorice
(Glycyrrhiza glabra; Glycyrrhiza radix; Chinese name: Gancao). In traditional Chinese medicine, licorice
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is one of the most commonly used herbs in treating liver disorders [27]. It is also used to
reduce toxicity, to improve appetite and enhance the effectiveness of other ingredients in
prescriptions [27,28]. There is evidence for the therapeutic application of glycyrrhizin for chronic
hepatitis induced by viral infections, toxin exposure and ischemic-reperfusion injury [29]. In Japan,
Stronger Neo-Minophagen C (SNMC), a commercially available glycyrrhizin-containing prescription,
has been adopted in clinical practice to treat chronic viral hepatitis for over 30 years [30,31].

Figure 1. The chemical structure of glycyrrhizin (GL).

In this study, we used a TPN-induced acute liver injury rat model to evaluate the hepatoprotective
effect of glycyrrhizin. We assessed the early stage of TPN-related acute liver injury by biochemical,
histopathological and immunohistochemical investigation to understand the possible molecular
mechanism. We found that glycyrrhizin exhibits hepatoprotective activity in TPN-induced acute liver
injury by suppressing endoplasmic reticulum (ER) stress and pro-inflammatory cytokines.

2. Results
2.1. Biochemical Analysis of Glycyrrhizin

To investigate the effect of TPN on biochemical markers of acute liver injury in experimental rats,
TPN was intravenously infused via the left femoral vein of rats at a flow rate of 20 mL/kg/h for three
hours. After GL treatment, serum ALT and AST levels were significantly elevated compared to the
control group (rats with normal saline infusion and without GL pretreatment, Table 1). Importantly,
these enzyme levels were reduced in TPN rats pretreated with glycyrrhizin in a dose-dependent
manner (1, 3 and 10 mg/kg, i.v.). The most significant effect was observed in the group of TPN rats
that received glycyrrhizin (10 mg/kg) pretreatment, as the ALT and AST concentrations in the serum
of these rats were restored to the levels of the saline-control group.
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Table 1. Effect of GL on the serum levels of liver enzymes, triglyceride and total bilirubin
in total parenteral nutrition (TPN) rats.

Group ALT (U/L) AST (U/L) TB (mg/dL) TG (pg/pL)
Control 27 +4 123 +6 0.10  =0.1 5.5 +0.4
TPN 55 5% 434 5% 041  +0.1* 93  x04%
GL 1 mg/kg + TPN 38 +4 " 310 16" 036 +0.1* 81 =047
GL 3 mg/kg + TPN 33 +3 7 236 £9% 026 0.1 69 03"

GL 10 mg/kg + TPN 24 +3 7 146 £ 020 +04 6.4  +03"
Values represent the mean + SD (n = 6); * p < 0.05 (versus control group); * p < 0.05 (between TPN and

GL-pretreated + TPN groups). ALT: alanine aminotransferase; AST: aspartate aminotransferase; TB: total
bilirubin; TG: triglyceride.

Total bilirubin (TB) also decreased in a dose-dependent manner in response to glycyrrhizin
pretreatment (1, 3 and 10 mg/kg, i.v.), but the lowest dose of glycyrrhizin (1 mg/kg, i.v.) had no effect
(Table 1). Similar dose-response patterns of glycyrrhizin pretreatment were observed on triglyceride
(TG) levels (Table 1).

2.2. Effect of Glycyrrhizin on Hepatic Histopathological Changes

To investigate the histopathological changes in response to GL, liver tissues were fixed in 10%
natural buffered formalin and then stained with H&E. When comparing the liver cell morphology of
the control, TPN and TPN pretreated with glycyrrhizin (10 mg/kg) groups, only the control and
glycyrrhizin-pretreated group exhibited normal liver cell structure, with a well-defined cytoplasm and
nucleus in the cells and ribbon-like hepatocyte arrangements (Figure 2A). In contrast, the liver cells in
the TPN rats, particularly in Zone 3 of the portal venule tract, appeared as feather-like hepatocyte
arrangements (open arrow Figure 2A). In addition, the hepatic parenchymal cells (hepatocytes) of the
TPN rats exhibited signs of hepatic steatosis, such as an excess accumulation of fat (triglycerides)
(filled arrow in Figure 2A).

The quantification of pathological liver cells revealed that the number of normal hepatocytes was
reduced in the TPN group [TPN vs. control in Zone 1 (7 =204 + 14; control =408 + 12, p < 0.05) and
Zone 3 (T =160 £ 19; control = 410 + 14, p < 0.05), see Figure 2B], and there was an increase in the
cell in the group pretreated with glycyrrhizin (10 mg/kg) compared with the TPN group. [GL + TPN
vs. TPN in Zone 1 (7T'=204 + 14; GL=310+£ 18, p < 0.05) and Zone 3 (7= 160 = 19; GL =344 + 19,
p < 0.05, see Figure 2B)].

2.3. Effects of Glycyrrhizin on the Expression of Nitrotyrosine, iINOS and Proinflammatory Cytokines
(IL-1p, IL-6 and TNF-a)

After TPN administration, serum protein biomarkers for reactive nitrogen species, nitrotyrosine and
inducible NO synthase (iNOS) were increased in the TPN group compared with both the control and
three GL-pretreated groups (Figure 3A). Moreover, pretreatment with glycyrrhizin reduced the
expression of TNF-a, iNOS and nitrotyrosine proteins in a dose-dependent manner (Figure 3B). In
particular, the highest dose (10 mg/kg) resulted in the most powerful inhibition of iINOS and
nitrotyrosine (Figure 3B). These results demonstrated that TPN administration increased the
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production of proinflammatory cytokines, including IL-1pB, IL-6 and TNF-o, and these increases were
inhibited by pre-treatment with glycyrrhizin.

Figure 2. Histological examination of the effect of glycyrrhizin (GL) on total parenteral
nutrition (TPN) rats. The livers were H&E-stained to examine the portal (zone) and
terminal hepatic venules (Zone 3). (A) Saline infusion control (I); TPN infusion without
treatment (II); and GL pretreatment (10 mg/kg) before TPN infusion (III) staining of Zone
1 (left column) and Zone 3 (right column) of the liver. Liver pathology in the control group
exhibited normal hepatocyte structure and arrangement. The TPN non-treated group
exhibited damaged liver structure, as indicated by monocyte infiltration (open arrowhead),
steatosis (filled arrow) and the presence of necrotic cells (open arrow). Pretreatment with
GL (10 mg/kg) inhibited hepatocyte damage; (B) Quantitative evaluation of pathological
examinations. Normal hepatocytes were counted from 10 random fields (200x magnification)
of each liver sample and the values represent the mean + SD of six rats. * p < 0.05,
compared with control group, * p < 0.05 between pretreatment groups and TPN group.
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Figure 3. The relative intensity of RNS oxidants and acute inflammation cytokines in rat
serum. (A) Representative Western blot analysis of the following inflammatory cytokine
proteins in rat serum: nitrotyrosine, iNOS, IL-1f, IL-6 and TNF-a. The TPN group had
high levels of oxidative stress and inflammation; (B) The relative density was calculated by
dividing the protein density by the density of all the matched spots in the respective gel.
The expression of RNS oxidants and inflammatory proteins in the serum were higher in the
TPN group compared to the control group and pretreatment groups. GAPDH served as an
internal control. The protein levels were quantified using densitometric analysis, and the
control was set at 100%. The data depicted in bar graph represent the mean + SD of three
independent measurements. (# = 6 in each group). * p < 0.05, compared with control
group, ” p < 0.05 between the pretreatment groups and the TPN group.
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2.4. Anti-Apoptotic Effects of Glycyrrhizin

To determine what kind of cell death was involved in the TPN related acute liver injury, the
presence of the apoptotic marker cleaved caspase-3 was examined in liver tissues from the control,
TPN and pretreatment with glycyrrhizin groups. As shown in Figure 4, the results demonstrated that
pretreatment with glycyrrhizin prevented hepatocyte apoptosis in TNP-related hepatitis rat model. The
results revealed a distinct staining of cleaved caspase-3 within the hepatocyte in TPN group
(Figure 4A). There was a significant and nearly three-fold increase in hepatocyte apoptosis
(as determined by cleaved caspase-3 staining) in Zone 1 in the TPN group (11 + 1) compared with
both the control (3 = I; p < 0.05) and GL (10 mg/kg) pretreatment groups (4 = 2; p < 0.05)
(Figure 4B). In Zone 3, there was also an approximately three-fold increase in hepatocyte apoptosis in
the TPN group (13 £ 1) compared with both the control (4 £ 1; p < 0.05) and GL (10 mg/kg)
pretreatment groups (5 = 1; p < 0.05). These results indicated that TPN induced liver apoptosis,
whereas GL pretreatment reduced liver apoptosis.

2.5. Effects of Glycyrrhizin on the Phosphorylation of JNK1/2 and p38, as well as CHOP Expression

To investigate the molecular mechanism that underlies the pharmacological effects by which
glycyrrhizin prevents TPN-induced hepatocyte apoptosis, we assessed the expression of several
proapoptotic molecules under endoplasmic reticulum (ER) stress. These molecules included
Apoptosis Signal-regulating Kinase 1 (ASK1), c-Jun NH2-terminal Kinase (JNK1/2), p38 MAPK and
CHOP [22,23,32,33]. As shown in Figure 5A, the administration of TPN for three h remarkably
increased the phosphorylation of JNK1/2 and p38 MAPK, as well as the expression of CHOP.
Conversely, pretreatment with glycyrrhizin (1, 3 and 10 mg/kg) reduced the phosphorylation of
JNK1/2 and p38 MAPK. In addition, glycyrrhizin inhibited CHOP protein activation in a dose-response
manner (Figure 5B), and the strongest inhibition occurred after pretreatment with 10 mg/kg glycyrrhizin.
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Figure 4. Immunohistochemical analysis of cleaved caspase-3 staining in rat livers from
different liver zonal areas. TPN versus GL pretreatment group (A) Pretreatment GL
(10 mg/kg) prior to TPN administration. The TPN group (I) and GL pretreatment group (II)
animals received an equal volume of solvent. Group (I) normal saline 1 mL, i.v. bolus
before TPN administration; pretreatment group (II) GL (10 mg/kg) in normal saline 1 mL,
1.v. bolus before TPN administration. Representative photographs after immunostaining
with antibodies against cleaved caspase-3; (B) Quantitative analysis of immunohistochemical
staining of cleaved caspase-3. Average integrated optical density (AIOD) of the positively
stained area was evaluated from three randomly selected observation fields in each liver
section. The data are expressed as the mean + SD (n = 6 per group). * p < 0.05, compared
with the control group, * p < 0.05 between pretreatment groups and TPN group.
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Figure 5. The effect of glycyrrhizin (GL) on liver histological SOCS3 and apoptotic
pathway protein expression in rat livers. (A) Western blot analysis of proteins related to
SOCS3 and the apoptotic pathway in the control, TPN and GL-pretreated groups;
(B) SOCS3, CHOP and MAPK signaling protein expression were measured. The TPN
group significantly increased SOCS3 protein expression, whereas SOC3 protein expression
was decreased in the GL pretreatment groups. The phosphorylated of p38 MAPK and JNK
proteins was increased in the TPN groups compared to the control and pretreatment groups.
CHOP protein was also increased following TPN treatment. Equal amounts of protein from
the total cell lysates of rat livers pretreated with GL were analyzed. B-actin served as an
internal control. Protein levels were quantified using densitometric analysis and the control
was set at 100%. The data depicted in bar graph are the mean + SD of three independent

measurements (n = 6 in each group). * p < 0.05, compared with control group, * p < 0.05
between pretreatment groups and TPN group.
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2.6. Inhibitory Effect of Glycyrrhizin on Inflammation via Activation of SOCS3 in TPN-Related Acute
Liver Injury in Vivo

To evaluate the anti-inflammatory effect of glycyrrhizin, the protein level of SOCS3 in rat livers
was examined. SOCS3 is an inducible negative feedback regulator of inflammation. As shown in
Figure 5A, the protein level of SOCS3 increased after three h of TPN solution administration, and
pretreatment with glycyrrhizin significantly increased the SOCS3 protein level in a dose-dependent
manner (Figure 5B). Endogenous SOCS3 was induced after TPN administration to antagonize the
inflammation process. Furthermore, GL pretreatment increased the expression of SOCS3 (Figure 5A),
suggesting that this treatment effectively blocked the liver inflammatory cascade. We also investigate
the immunochemical activation of SOCS3 in portal Zone 1 and Zone 3, which is close to the terminal
hepatic venule tracts (Figure 6A). These data were validated by quantitative evaluation of SOCS3
protein intensity using the average integral optical density (Figure 6B).
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Figure 6. The effect of glycyrrhizin (GL) on liver cytokine-inducible SOCS3 protein
levels. (A) Immunohistochemical staining for SOCS3 in rat livers was analyzed in different
liver zonal areas: control rats (I); rats with TPN infusion (II); GL-pretreated rats (10 mg/kg)
(IIT) staining of the portal and terminal hepatic venues zones; (B) The quantitation of
immunohistochemical staining of SOCS3 levels by average integrated optical density
(AIOD). The positive stained area was evaluated from three randomly selected observation
fields of each liver section. The data represent the mean = SD (n = 6/group). * p < 0.05,
compared with control group, * p < 0.05 between the pretreatment and TPN groups.
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3. Discussion
In contrast to most TPN-related hepatitis investigations, which focus on late stage liver injury, we

established an animal model of TPN-related acute liver injury and provide valuable implications for
essentially preventing TPN-induced hepatitis. Our data provide evidence that suppressing endoplasmic



Int. J. Mol. Sci. 2013, 14 12573

reticulum stress and reactive nitrogen stress may have hepatoprotective effects and reduce the
development of TPN related hepatitis.

As shown in Table 1, ALT, AST and triglyceride levels were elevated in rat serum 3 h after TPN
administration, and pretreatment with GL (1, 3 and 10 mg/kg) normalized these levels. Figure 2A
shows the presence of severe hepatocyte steatosis in the TPN group. The liver is the main organ for
glucose disposal in the normal animals, which received 45% TPN-derived glucose [34]. The
overconsumption of glucose is associated with the increased accumulation of triglycerides in
hepatocytes. As shown in Figure 2A, glycyrrhizin improved the extent of accumulation. However, the
difference in total bilirubin between the GL pretreatment group (1 mg/kg) and the TPN group was not
significantly different, suggesting that an adequate therapeutic dose was achieved, with only the ALT
and AST concentrations being affected, but not total bilirubin levels (Table 1). Based on the observed
biochemical and pathological data, we successfully established a model of acute liver injury using TPN
in rats, finding that liver injury could be prevented by pretreatment with glycyrrhizin in a dose-dependent
manner. Similarly, Shamir (1993) and Zahavi (2000) [13,14] showed a significant reduction in bile
flow and bile salt secretion in rats after a two hour infusion of TPN at a rate of 10 mL/kg/h. The above
reports allowed for us to speculate that short-term TPN infusion (2 h) at an infusion rate of 10 mL/kg/h
can lead to bile stasis. Moreover, these previous studies also partially explain why the short-term
(3 h at a rate of 20 mL/kg/h) TPN infusion used in the present study elevated liver function.

According to a previous study, the hepatoprotective effect of glycyrrhizin in viral hepatitis
patients is due to its cytoprotective effect via the suppression of TNF-a-induced cytotoxicity and
inhibition of immune-mediated cytotoxicity against hepatocytes [35-37]. In addition, glycyrrhizin has
anti-inflammatory effects and attenuates the inflammatory response by inhibiting nuclear factor kB
(NF-kB) and PI3K [38]. Our data in Figure 3 and Table 1 show that TPN administration induced
systemic pro-inflammatory cytokine production and hepatitis. Glycyrrhizin can decrease the production of
these cytokines and improve TPN-related acute liver injury.

The overproduction of nitric oxide and its derivatives have been implicated as a cause of tissue
damage in response to inflammation. Pro-inflammatory mediators, such as NO, which is generated by
INOS and nitrotyrosine, are considered to be indicators of the reaction during the inflammatory
response [39,40]. iNOS expression and the nitrosylation of tyrosine are induced in many different cell
types in response to endotoxins and cytokines, such as gamma interferon, interleukin 1 and tumor
necrosis factor alpha [41—43]. Thus, iNOS and nitrotyrosine serve as indicators of reactive nitrogen
stress generated by NO [43]. In the present study, (Figure 3), we demonstrated that treatment with
glycyrrhizin effectively inhibited NO production by suppressing the expression of iNOS and
nitrotyrosine. These data suggest that the therapeutic effect by which glycyrrhizin treats TPN-related
acute liver injury is partially due to the inhibition of NO production via the inhibition of iNOS, TNF-a,
iNOS and nitrotyrosine protein levels, and pretreatment with glycyrrhizin (10 mg/kg) resulted in the
most powerful inhibition of iNOS and nitrotyrosine.

Cytokines mediate various biological processes, including inflammation, apoptosis, necrosis and
fibrosis [44,45]. Increased pro-inflammatory cytokines has been demonstrated in animal model of
TPN [46,47]. These findings are consistent with our data, as GL decreased the production of IL-1f,
IL-6 and TNF-a in a dose-dependent manner (Figure 3). The SOCS3 protein is highly upregulated in
response to pro-inflammatory cytokines (i.e., IFN-y, interleukin IL-1p and IL-6) [18]. SOCS3 is
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recognized to be the main modulator for the negative regulation of the cytokine-JAK-STAT pathway
and, thus, can induce anti-inflammatory processes [20]. Previous investigations also demonstrated the
SOCS3 is related to the severity of liver inflammation, and it plays a protective role in the
cytokine-mediated inflammatory process by inhibiting IL-6-medicated STAT3 activation [48,49].
Figure 6 shows that endogenous SOCS3 increased after TPN administration as a negative regulator of
TPN-related acute liver injury, and pretreatment with glycyrrhizin (Figure 5A,B) increased SOCS3
protein expression to enhance the negative regulation TPN-related acute liver injury. These findings
indicate that the inhibitory effects of glycyrrhizin on hepatitis may be due to alterations in SOCS3
expression. In summary, our study demonstrated that glycyrrhizin-inducted expression of SOCS3
contributes to the inhibition of inflammation and reactive nitrogen stress (RNS) production.

Infusions containing lipids and glucose activate stress kinases (JNK1/2 and p38 MAPK) and
increase ER stress in rats [50]. ER stress is known to induce apoptosis by the induction of CHOP,
which is a protein important for ER stress-related hepatitis [51,52]. Figure 4A,B shows that caspase-3
cleavage is higher after TPN administration, and it is well established that the caspases are the
executioners of apoptosis [53]. These results demonstrate that glycyrrhizin pretreatment significantly
inhibits the phosphorylation of JNK and p38 MAPK, as well as CHOP protein activation, thereby
suppressing hepatocyte apoptosis in TPN rats.

4. Experimental Section
4.1. Chemicals and Reagents

Glycyrrhizin (Figure 1), Reactive Nitrogen Species (RNS) scavengers (including nitrotyrosine and
anti-iNOS), CHOP, a Janus kinase (JNK) inhibitor (SP600125) and a p38 inhibitor (SB203580) were
purchased from Sigma (St. Louis, MO, USA). Total parenteral nutrition solution Kabiven™ was
obtained from Fresenius Kabi AB (Uppsala, Sweden). Mouse monoclonal antibodies against GAPDH,
B-actin, pro-inflammatory anti-TNF-a, IL-1B3, IL-6 and nitrotyrosine were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Rabbit antibodies against human SOCS3, cleaved-caspase-3,
phospho-p38 MAPK (Thr180/Tyr182), phospho-JNK1/2 (Thr183/Tyr185), cdk1Tyrl5 and a mouse
monoclonal antibody against cdkl were purchased from Cell Signaling Technology (Beverly, MA,
USA). The TdT-mediated dUTP Nick End Labeling (TUNEL) kits were purchased from Roche
(Mannheim, Germany). SDS, NP-40, sodium deoxycholate and protease inhibitor cocktails were
purchased from Sigma (St. Louis, MO, USA).

4.2. Animal Experiments and Drug Treatment

Adult male Sprague-Dawley rats weighing 200 + 20 g were obtained from the National Yang-Ming
University Animal Center, Taipei, Taiwan. The rats were pathogen-free and had free access to food
(Laboratory Rodent Diet 5001, PMI Nutrition International LLC, Brentwood, MO, USA) and water.
The rats were housed with a 12 h light and 12 h dark cycle. All of the experimental protocols involving
animals were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC
number: 981106) of National Yang-Ming University. Rats were anesthetized with urethane (1 g/kg,
i.p.). All of the animals were equipped with the left femoral vein for solution or drug administration.
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The rats were intravenously infused with TPN via the left femoral artery at a flow rate of
20 mL/kg/h for 3 h to induce acute liver injury. Normal saline (0.9% sodium chloride) was used as the
vehicle for the control group. Different doses of glycyrrhizin (1, 3 or 10 mg/kg) were administered
intravenously before TPN infusion.

Before TPN administration, glycyrrhizin was dissolved in 1 mL normal saline and given as an i.v.
bolus, whereas the TPN group received an equal volume of normal saline (I mL via i.v. bolus). The
total energy of Kabiven” was 1038 kcal [11% glucose, 885 mL; amino acids/electrolytes (Vamin 18),
300 mL; and 20% fat emulsion (Intralipid), 255 mL]. Each rat received a total infusion volume of
12 mL TPN at a rate of 20 mL/kg/h for three h. A typical 200 mg rat received approximately
8.6 kcal of energy.

Every group had six animals. The blood samples were collected through left femoral vein
immediately and stored in heparin-coated capillary tubes until liver enzyme profiling and biochemical
analyses. The liver tissue was collected, washed with normal saline and then fixed in 10% neutral
buffered formalin for histopathological examinations.

4.3. Biochemical Analysis

The blood samples were collected from the animals and centrifuged at 3000 rpm for 15 min. The
plasma samples were used for the following biochemical analyses of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), total bilirubin (TB) and triglyceride (TG) levels. All of these
analyses were performed using the Hitachi 902 Automatic Analyzer with adapted reagents from
Roche (Boehringer, Mannheim, Germany).

4.4. Histopathological Evaluation

The liver tissues were fixed in 10% buffered formalin, embedded in paraffin and cut into 4 pm-thick
slides transversely from portal Zone 1 to Zone 3, which is close to the terminal of hepatic venule
tract, for hematoxylin and eosin (H & E) staining (Tokyo, Japan). The rest of tissues were stored at
—80 °C. The histopathological changes in liver cell morphology were examined using a BX51 light
microscope (Olympus, Tokyo, Japan) at high power (200x magnification) for each slide. For
quantitative purposes, two portal zones were randomly chosen in each slide and photographed using an
Image-pro Plus medical image analysis system. The cell numbers were recorded. The normal
hepatocytes were counted from 10 fields that were randomly chosen in liver samples from each group
under 200x magnification. The means numbers of normal cells were calculated per microscope field
from six animals in each group.

4.5. Immunohistochemical Assay

Immunohistochemistry (IHC) staining was performed using a biotinylated secondary antibody
(Vectastain Universal Elite ABC Kit, Burlingame, CA, USA). Monoclonal rabbit antibodies against
human SOCS3 and cleaved-caspase 3 were diluted at a ratio of 1:100. The primary antibodies were
omitted for the negative controls. For three slides, the cytoplasm stained brown and was scored
positive. The expression of SOCS3 and cleaved-caspase 3 was quantitatively evaluated using an
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Olympus C x 31 microscope with the Image-pro Plus medical image analysis system. The digital
images were captured using a digital camera (Canon A640, Tokyo, Japan). The positive area and
optical density (OD) of SOCS3 and cleaved-caspase 3-positive cells were determined by measuring
three randomly selected microscopic fields (400x magnification) for each slide. The IHC index was
defined as average integral optical density (AIOD) (AIOD = positive area x OD/total area).

4.6. Western Blot Analysis

After sacrifice, the rats’ livers were rapidly removed, disassociated and homogenized in ice-cold
lysis buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate and a protease
inhibitor mixture comprised of phenylmethylsulfonyl fluoride, aprotinin and sodium orthovanadate).
The total cell lysate (50 pg of proteins) was separated by the SDS-polyacrylamide gel electrophoresis
(PAGE) (12% running and 4% stacking) and analyzed using the designated antibodies. The
Western-Light Chemiluminescent detection system (Bio-Rad, Hercules, CA, USA) was used to detect
the signals, as previously described by Chiu et al. [54].

4.7. Statistical Analyses

The data are expressed as the mean + standard deviation (SD) of three independent experiments,
and all of the data were analyzed using one-way analysis of variance (ANOVA) with Bonferroni
correction. The data were analyzed using the SAS software statistical package “SigmaPlot” version 9.0
(SAS Institute Inc., Cary, NC, USA).

5. Conclusions

Taken together, our data provide new information on the molecular mechanisms by which
glycyrrhizin inhibits inflammation. Namely, GL acts by reducing iNOS, TNF-a, IL-1p, IL-6 and
nitrotyrosine levels through the activation of SOCS3. In addition, glycyrrhizin was found to have
anti-apoptotic effects on TPN-related acute liver injury in rats through the inhibition of JNK1/2 and
p38 MAPK phosphorylation and inactivation of the CHOP protein, thereby reducing ER stress. The
inhibitory effect of glycyrrhizin on ER stress and reactive nitrogen species production is one possible
mechanism by which glycyrrhizin prevents TPN-related liver injury. Overall, we demonstrated a novel
animal model for early stage of TPN related acute liver injury and elucidated the potential therapeutic
effects of glycyrrhizin on TPN related hepatitis. Nevertheless, glycyrrhizin therapy for chronic
parenteral nutrition-related hepatitis warrants further investigation.
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