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Abstract

Repair mechanisms after acetaminophen (APAP) hepatotoxicity are poorly understood. We 

recently discovered that phosphatidic acid (PA) increases in mice and humans after APAP 

overdose, and is critical for liver regeneration. Here, we hypothesized that PA inhibits glycogen 

synthase kinase-3β (GSK3β), a component of canonical Wnt/β-catenin signaling, after APAP 

overdose. To test that, we treated mice with 300 mg/kg APAP at 0h followed by vehicle or 20 

mg/kg of the glycerol 3-phosphate acyltransferase inhibitor FSG67 at 3, 24 and 48h. Some mice 

also received the GSK3 inhibitor L803-mts. Blood and liver were collected at multiple time points. 

Consistent with our earlier results, FSG67 did not affect toxicity (ALT, histology), APAP 

bioactivation (total glutathione), or oxidative stress (oxidized glutathione), but did reduce 

expression of proliferating cell nuclear antigen (PCNA) at 52h. We then measured GSK3β 

Address for Correspondence: Dr. Mitchell R. McGill, Assistant Professor, University of Arkansas for Medical Sciences, 4301 W. 
Markham St., Slot 820, Little Rock, AR 72205, mmcgill@uams.edu, P. 501-526-6696. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Food Chem Toxicol. Author manuscript; available in PMC 2020 March 01.

Published in final edited form as:
Food Chem Toxicol. 2019 March ; 125: 279–288. doi:10.1016/j.fct.2019.01.014.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphorylation and found it was dramatically decreased by FSG67 at 24h, before PCNA dropped. 

Expression of cyclin D1, downstream of Wnt/β-catenin, was also reduced. To determine if the 

effect of FSG67 on GSK3β is important, we treated mice with FSG67 and L803-mts after APAP. 

Importantly, L803-mts rescued hepatocyte proliferation and survival. Our data indicate PA and 

lysoPA may support recovery after APAP overdose by inhibiting GSK3β.
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1. INTRODUCTION

Acetaminophen (APAP) is a widely used drug (Kaufman et al., 2002), but APAP overdose 

can cause severe liver injury. It is the primary cause of acute liver failure (ALF) in the US 

and several other countries (Lee, 2012). The standard treatment for APAP overdose is N-

acetylcysteine (NAC). However, NAC is only effective when given <16 h after overdose 

(Rumack et al., 1981), and nearly half of all patients present at 24 h or later (Craig et al., 

2012). A promising approach to the treatment of late-presenting patients could be 

enhancement of liver regeneration. Therefore, a better understanding of liver regeneration 

after APAP hepatotoxicity is needed.

There is strong evidence that liver regeneration is critical for survival of ALF patients. 

Expression of the cell proliferation marker proliferating cell nuclear antigen (PCNA) is 

higher in tissue from ALF survivors compared to non-survivors (Kayano et al., 1992). 

Similarly, several serum biomarkers of regeneration are elevated in ALF survivors, including 

α-fetoprotein (Schmidt and Dalhoff, 2005), vascular endothelial growth factor (VEGF) 

(Takayama et al., 2011), leukocyte cell-derived chemotaxin 2 (LECT2) (Sato et al., 2004) 

and the amino acid α-NH2-butyric acid (Rudnick et al., 2009). Finally, two recent meta-

analyses of previous studies revealed that experimental use of granulocyte colony 

stimulating factor (G-CSF), which is thought to enhance liver regeneration through 

mobilization of stem cells from bone marrow, improves outcome in liver failure patients 

(Chavez-Topia et al., 2015; Yang et al., 2016).

In this study, we sought to test the effect of phosphatidic acid (PA) on the Wnt/GSK3β/β-

catenin signaling axis during liver regeneration after APAP overdose in mice. PA is a 

universal intermediate in the synthesis of membrane glycerophospholipids and 

triacylglycerols (Harris and Finck, 2011). In fact, conversion of PA to diacylglycerol by lipin 

enzymes is the penultimate step in creation of new cell membranes (Harris and Finck, 2011). 

We recently demonstrated that PA increases in liver tissue and plasma after APAP overdose 

in both mice and humans due to suppression of hepatic lipins (Lutkewitte et al., 2018). We 

were surprised by that result, as we had assumed that synthesis of new membrane lipids 

would be necessary for hepatocyte proliferation. Using the drug FSG67, an inhibitor of 

glycerol 3-phosphate acyltransferase that is critical for the primary pathway of lysoPA and 

PA synthesis, we discovered that PA itself can support or enhance liver regeneration 

(Lutkewitte et al., 2018). However, the mechanisms by which it does so are unknown. 
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Bhushan et al. (2017) recently demonstrated that an inhibitor of glycogen synthase kinase-3 

(GSK3) improves liver regeneration after APAP overdose in mice, likely through Wnt/β-

catenin signaling. PA is thought to interact with Dishevelled (Dvl) (Simons et al., 2009; 

Capelluto et al., 2014), a protein involved in the Wnt/β-catenin pathway that is inhibited by 

GSK3β. It is also known to interact with a number of other kinases and phosphatases in a 

way that alters their activity (Stace and Ktiskakis, 2006). Based on those data, we 

hypothesized that PA affects GSK3β signaling. We tested that hypothesis by treating mice 

with a toxic dose of APAP followed by either vehicle, FSG67, or a combination of FSG67 

and the GSK3 inhibitor L803-mts and measuring liver injury, hepatocyte proliferation 

markers, and Wnt/GSK3β/β-catenin signaling markers at multiple time points. Importantly, 

previous data from our laboratory already confirmed that FSG67 reduces PA content in the 

liver (Lutkewitte et al., 2018).

2. MATERIALS AND METHODS

2.1. Animals.

Male C57Bl/6 mice between ages 8 and 12 weeks were purchased from Jackson 

Laboratories (Bar Harbor, ME) and kept in a temperature-controlled 12h light/dark cycle 

room with free access to water and food. Mice were fasted overnight prior to a single 300 

mg/kg dose of APAP (Sigma, St. Louis, MO) dissolved in warm phosphate-buffered saline 

(PBS) at 0 h, followed by a 20 or 30 mg/kg dose of FSG67 (Focus Biomolecules, Plymouth 

Meeting, PA) dissolved in DMSO or an equivalent volume of DMSO vehicle at 3, 24, and 48 

h. In two experiments, mice were also treated with 600 nmol of the GSK3 inhibitor, L803-

mts/N-myristol-GKEAPPAPPQS(p)P (Genemed Synthesis, Inc., San Francisco, CA), 

dissolved in warm PBS, in addition to APAP and FSG67. All treatments were administered 

i.p. Mice were euthanized at 6, 24, and 52 h, and blood and liver tissues were harvested. For 

each animal, one liver section was fixed in 10% phosphate-buffered formalin for histology. 

Other liver pieces were flash frozen in liquid nitrogen for later biochemical analyses. All 

experiments were reviewed and approved by the Institutional Animal Care and Use 

Committee of the University of Arkansas for Medical Sciences.

2.2. Clinical chemistry.

Alanine aminotransferase (ALT) was measured in serum using a kit from Point Scientific 

Inc. (Canton, MI) according to the manufacturer’s instructions.

2.3. qPCR.

Liver tissues were homogenized using a bead homogenizer and RNA was extracted using 

RNA-Bee reagent (Tel-Test Inc., Friendswood, TX). Chloroform was then added and the 

samples were shaken, then allowed to incubate at 4°C for 5 min. After centrifugation 

(12,000xg, 4°C for 5 min), the aqueous phase was transferred to a new tube and mixed with 

isopropanol (0.5 mL). The samples were then allowed to sit at room temperature for 10 min, 

and then RNA was pelleted by centrifugation (12,000xg, 4°C for 5 min). The RNA pellets 

were then washed with 75% ethanol and re-suspended in RNase-free H2O. RNA 

concentration and purity was measured using a Nanodrop ND-1000 Spectrophotometer 

(Thermo Fisher Scientific, USA). Next, 2 μg of RNA was transcribed into cDNA using a 
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High Capacity cDNA Reverse Transcription Kit, (Applied BioSystems, Thermo Fisher 

Scientific, USA) and an Applied Biosystems Veriti thermocycler. For reverse transcription 

real-time qPCR, cDNA was mixed with PowerUp SYBR Green Master mix (Applied 

Biosystems, Thermo Fisher Scientific, USA) along with forward and reverse primers (Table 

1) from Integrated DNA Technologies and run on an Applied Biosystems ViiA7 real-time 

qPCR instrument.

2.4. Western blotting.

Liver tissues were homogenized in 25 mM HEPES buffer with 5 mM EDTA (pH 7.4), 0.1% 

CHAPS, and protease inhibitors, using a bead homogenizer (Thermo Fisher Scientific, 

Waltham, MA). Protein concentration in the homogenates was measured using the 

bicinchoninic acid (BCA) assay, and equal amounts of protein were loaded in each lane of a 

4-20% Tris-glycine gel. After electrophoresis, proteins were transferred to PVDF 

membranes with 0.45 μm pores and blocked with 5% milk in Tris-buffered saline with 0.1% 

Tween 80. After incubation with the appropriate antibodies, protein bands were visualized 

using the Odyssey Imaging System (LiCor Biosciences, Lincoln, NE). All primary 

antibodies were used at a 1:1,000 dilution. Primary antibodies were purchased from Cell 

Signaling Technology (Danvers, MA): phosphorylated GSK3β (Cat. No. 9323), GSK3β 
(Cat. No. 9315), PCNA (Cat. No. 2586), and β-actin (Cat. No. 4967). Secondary antibodies 

were purchased from Li-Cor (Lincoln, NE): IRDye 680 goat anti-mouse IgG (Cat. No. 

926-68070) and IRDye 800CW goat anti-rabbit IgG (Cat. No. 926-32211) were used at a 

1:10,000 dilution.

2.5. Histology and immunohistochemistry.

Formalin-fixed tissue was embedded in paraffin wax and 5 μm sections were mounted on 

glass slides for hematoxylin and eosin (H&E) staining and immunohistochemistry. H&E 

staining was performed using a standard protocol. For PCNA staining, the tissue sections 

were blocked for 10 min each using both peroxidase and protein blocking reagents from 

Dako (Agilent, Santa Clara, CA) prepared in standard TBS-T buffer. Primary PCNA 

antibody from Cell Signaling Technology (Danvers, MA) was then added to each section at 

a 1:250 dilution in Dako antibody diluent and allowed to incubate for 2 h at room 

temperature. After rinsing with TBS-T, biotinylated goat anti-mouse secondary antibody was 

added at a dilution of 1:400 in TBS-T for 30 min. Finally, staining was developed using the 

VECTASTAIN Elite ABC HRP Kit (Vector Laboratories, Burlingame, CA) with Dako DAB

+ chromogen substrate (Agilent, Santa Clara, CA). Richard-Allan Scientific hematoxylin 

(Thermo Fisher Scientific, Waltham, MA) was used to counterstain. For quantification of 

PCNA by histology, 10-12 serial high power images (400x) were collected from a single 

liver section from each animal. In each field, all hepatocyte nuclei and PCNA-positive nuclei 

were separately counted using the Multi-point tool in ImageJ software. The proportion of 

PCNA-positive nuclei was expressed as a percentage for each animal.

2.6. Glutathione measurement.

Total and oxidized glutathione were measured using a modified Tietze assay, as we 

previously described in detail (McGill and Jaeschke, 2015).
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2.7. Statistics.

Normality was tested using the Shapiro-Wilk test. For normally distributed data, statistical 

significance was assessed using either Student’s t-test or one-way analysis of variance 

(ANOVA) with post-hoc Dunn’s test or Student-Newman-Keul’s to compare with the 

control group. For non-normally distributed data, the Mann-Whitney U-test or the Kruskal-

Wallis test were used. All statistical analyses were performed using SigmaPlot 12.5 software 

(Systat, San Jose, CA). In all cases, p<0.05 was considered significant.

3. RESULTS

3.1 FSG67 reduces liver regeneration after APAP overdose.

We treated mice with 300 mg/kg APAP followed by either DMSO vehicle or 20 mg/kg 

FSG67 at 3, 24, and 48 h post-APAP and measured liver injury and regeneration at multiple 

time points. Although there was a modest trend toward increased plasma alanine 

aminotransferase (ALT) at 24 h (Fig. 1A), that trend was not observed in histology (Fig. 1B, 

C). Overall, FSG67 had no significant effect on liver injury (Fig. 1). However, it did reduce 

expression of proliferating cell nuclear antigen (PCNA) at 52 h by 32±7% based on 

immunoblotting, and reduced the percentage of hepatocytes positive for PCNA by 

immunohistochemistry by 81±9% (Fig. 2). These data are consistent with our earlier work 

that demonstrated that FSG67 treatment blunts liver regeneration at late time points after 

APAP overdose (Lutkewitte et al., 2018).

3.2 FSG67 does not affect APAP bioactivation.

APAP hepatotoxicity depends upon conversion to a reactive metabolite, commonly believed 

to be N-acetyl-p-benzoquinone imine (NAPQI) (McGill and Jaeschke, 2013). The reactive 

metabolite binds to and depletes glutathione stores in the liver and causes oxidative stress. 

As a result, any treatment that prevents or otherwise alters NAPQI formation could affect 

liver injury or repair after APAP overdose. To verify that treatment with FSG67 did not 

affect APAP bioactivation or oxidative stress, we measured total (GSH+GSSG) and oxidized 

(GSSG) glutathione at 6 h post-APAP in mice that also received either vehicle or FSG67. 

Importantly, FSG67 treatment had no effect on GSH+GSSG or GSSG (Fig. 3). Together 

with the fact that FSG67 treatment did not affect liver injury, these data demonstrate that 

FSG67 does not alter APAP bioactivation or subsequent oxidative stress.

3.3. DMSO vehicle does not affect liver regeneration after APAP overdose.

DMSO is known to have numerous biological effects, and it is possible that the DMSO 

vehicle in our experiments alters liver regeneration signaling or kinetics and affects the 

results. To test that possibility, we measured PCNA expression over time in mice treated 

with 300 mg/kg APAP and either saline or 2 mL/kg DMSO vehicle at 3, 24 and 48 h post-

APAP. Importantly, we did not observe any differences in the time course of liver 

regeneration due to DMSO (Fig. 4). Based on that, it seems unlikely that DMSO has an 

effect on our results with FSG67.
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3.4. FSG67 reduces GSK3βphosphorylation and signaling after APAP overdose.

We previously demonstrated that PA likely promotes liver regeneration after APAP overdose 

in mice. However, the mechanisms by which it does that are not yet known. Bhushan et al. 

(2017b) recently discovered that inhibition of GSK3β accelerates liver regeneration in APAP 

hepatotoxicity by increasing β-catenin activity and downstream expression of cyclin D1 and 

other pro-proliferative genes. We hypothesized that PA enhances liver regeneration by acting 

on GSK3β. To test that, we measured phosphorylation of GSK3β by immunoblotting and 

expression of cyclin D1 by qPCR in APAP-treated mice followed by either DMSO vehicle 

or FSG67. Consistent with our hypothesis, we found that FSG67 dramatically reduced 

GSK3β phosphorylation (Fig. 5A, B) and cyclin D1 mRNA (Fig. 5C) at 24 h post-APAP. We 

also observed a comparatively modest (29±10%) but significant decrease in active (non-

phosphorylated) β-catenin (Fig. 5D,E), consistent with disruption of Wnt/β-catenin 

signaling. Although the mean value for total β-catenin was also lower after FSG67 

treatment, the difference was not statistically significant. To determine if those effects may 

be due to a direct interaction between PA and GSK3β or if they are merely downstream of 

another effect, we also measured expression of the two major isoforms of Wnt that have 

been implicated in regeneration after APAP hepatotoxicity (Bhushan et al., 2014). Binding 

of Wnt ligands to the Frizzled receptor immediately precedes GSK3β phosphorylation, so 

any further upstream effects would likely result in reduced Wnt expression. There was no 

difference in expression of either Wnt isoform (Fig. 5F,G), which is consistent with the 

hypothesis that PA directly interacts with GSK3β. However, additional studies are needed to 

confirm that interaction.

3.5. Inhibition of GSK3 rescues liver regeneration in the presence of FSG67 after APAP 
overdose.

To confirm that FSG67 acts on or upstream of GSK3β and to determine if that effect is 

important for liver regeneration, we performed a rescue experiment using L803-mts, a highly 

specific peptide inhibitor of GSK3β. Ten mice each were treated with 300 mg/kg APAP 

followed by either 2 mL/kg DMSO vehicle, 20 mg/kg FSG67, or 20 mg/kg FSG67 and 600 

nmol L803-mts. Mortality in the 52 h mice was 10%, 30% and 10%, respectively, which is 

consistent with the detrimental effect of FSG67 on liver regeneration and with our 

hypothesis that L803-mts rescues regeneration. Liver injury and hepatocyte proliferation 

markers were measured in the surviving mice. Consistent with our earlier results, neither 

FSG67 alone nor the combination of FSG67 and L803-mts had an effect on liver injury as 

indicated by plasma ALT (Fig. 6A, B), but both PCNA protein and cyclin D1 mRNA were 

reduced by FSG67 (Fig. 6C-E). Importantly, L803-mts restored cyclin D1 and PCNA 

expression to control levels (Fig. 6C-E). To further explore the importance of GSK3β for the 

effect of FSG67 on liver regeneration, we performed a small 48 h survival study using the 

same treatment regimen, but with a modestly higher dose of FSG67 (30 mg/kg). The higher 

dose of FSG67 resulted in 100% mortality in the group treated with APAP and FSG67, 

which was reduced to 50% by the addition of L803-mts (Table 2). Taken together, these data 

are consistent with our hypothesis that PA acts on GSK3β and that the effect is critical for 

liver regeneration and recovery after APAP overdose in mice.
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4. DISCUSSION

A better understanding of liver regeneration after acute liver injury is needed. Most studies 

of liver regeneration to date have relied on the partial hepatectomy (PHx) model, in which 

2/3 of the liver is removed and the remaining tissue grows to restore the original functional 

mass. While that is an excellent model to investigate the mechanisms of liver growth after 

hepatic resection or some cases of liver transplantation, acute liver injury differs from PHx 

in several major ways. First, acute injury involves widespread cell death within the tissue, 

which generally does not occur in the PHx model. Second, the cell death in acute 

intrahepatic injury results in release of damage-associated molecular patterns (DAMPs) that 

cause systemic sterile inflammation (McGill et al., 2014; Woolbright and Jaeschke, 2015). 

Third, the sudden removal of a large portion of the liver in the PHx model has dramatic 

hemodynamic effects (Michalopoulos, 2007; Abshagen et al., 2012; Xie et al., 2014). Acute 

intrahepatic injury can also disrupt circulation by damaging the sinusoidal endothelium, but 

the general architecture of the circulatory system is maintained. Fourth, hepatocyte 

proliferation after PHx is diffuse and panlobular (Fabrikant, 1968), while only hepatocytes 

around the margins of necrosis proliferate after acute intrahepatic injury. Finally, there is 

emerging evidence that some hepatocyte proliferation signaling mechanisms differ between 

acute injury and PHx (Bhushan et al., 2014).

In the present study, we demonstrated that FSG67 reduces hepatocyte proliferation after 

APAP hepatotoxicity through a mechanism involving GSK3β. Those data indicate that some 

PA species (including lysoPA) may be important for Wnt/β-catenin signaling during liver 

regeneration. GSK3β is part of the canonical Wnt/β-catenin signaling pathway, which is 

known to be important for liver regeneration after both PHx and APAP overdose (Thompson 

and Monga, 2007; Apte et al., 2009; Nejak-Bowen and Monga, 2011; Bhushan et al., 2014; 

2017b). However, the exact mechanism by which PA and GSK3β could interact remains 

unknown. Bhushan et al. (2014) found that Wnt4 and Wnt5a are likely to be the major Wnt 

isoforms important for regeneration after APAP overdose. They measured all 11 Wnt 

isoforms in the liver in the same model of APAP overdose that we used and discovered that 

only those two were elevated. Furthermore, both were lower at a 2-fold higher dose of APAP 

at which regeneration was inhibited, demonstrating that they are important (Bhushan et al., 

2014). The fact that expression of those isoforms was unchanged by FSG67 in our 

experiments and that Wnt signaling through the Frizzled (Fzd) and low density lipoprotein 

receptor-related protein (Lrp) 5/6 co-receptors is the step immediately upstream of GSK3β 
dephosphorylation/activation (Thompson and Monga, 2007) could mean that PA acts 

directly on either the receptors or on GSK3β itself, although we cannot rule out that other 

Wnt isoforms were involved in our specific experiments. Interestingly, the protein disheveled 

(Dvl) is thought to interact with PA at the plasma membrane (Simons et al., 2009; Capelluto 

et al., 2014). Dvl is an important inhibitor of the β-catenin destruction complex involving 

GSK3β. Normally, active non-phosphorylated GSK3β forms the complex with Axin and 

Apc, and the complex phosphorylates β-catenin to target it for ubiquitination and proteolysis 

(Thompson and Monga, 2007) (Fig. 7). However, when Wnt proteins bind to Fzd and 

Lrp5/6, Dvl is recruited to those receptors at the membrane and promotes binding of Lrp5/6 

to axin in the destruction complex. Sequestration of the complex at the membrane allows β-
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catenin to accumulate and promote transcription of cyclin D1 and other pro-proliferative 

genes in the nucleus (Thompson and Monga, 2007) (Fig. 7). Thus, PA may be important for 

GSK3β inhibition through its interaction with Dvl. On the other hand, PA is known to 

interact with many other proteins, especially many kinases and phosphatases (Stace and 

Ktistakis, 2006), so a direct interaction with GSK3β that affects its phosphorylation and 

activation status is also possible (Fig. 7). We also cannot rule out the possibility that FSG67 

has some other effect on the pathway at this point (Fig. 7). Additional studies using more 

specific approaches to manipulate PA levels are needed to confirm the effect on GSK3β and 

to test those additional hypotheses.

In addition to the experiments reported here, we tested the effect of treatment with 

exogenous PA on liver regeneration after APAP overdose, but the results were inconsistent. 

Although we observed acceleration of liver regeneration in our initial experiments with PA 

treatment (data not shown), we were unable to reproduce those results at a later time. The 

lack of reproducibility may have been due to two factors. First, the formulation of PA may 

be important. We treated our mice with PA liposomes suspended in saline, and there can be 

considerable variation in liposome quality between preparations. Also, liposomes are known 

to be primarily absorbed into the lymphatic system, bypassing the liver. Interestingly, 

another group dissolved 18:1 lysoPA in DMSO and found that post-treatment improved 

survival over several days after APAP overdose (Bae et al., 2017; Bae, personal 

communication). Unfortunately, they did not report ALT and did not quantify necrosis in 

those particular experiments (Bae et al., 2017), so we do not know if the lysoPA treatment 

affected the early injury phase. Interestingly, they also reported an effect of pre-treatment 

with 18:1 lysoPA on GSK3β (Bae et al., 2017), but it was the opposite of our results for PA. 

While we cannot yet rule out that the effect we have observed with FSG67 is partially due to 

reduced lysoPA levels in addition to reduced PA, the latter fact argues against that 

possibility. Nevertheless, the findings of Bae et al. are consistent with ours and indicate that 

phosphatidic acid species are critical for recovery after APAP overdose. Second, exogenous 

PA is thought to be rapidly metabolized by lipases in extracellular fluid, forming lysoPA and 

other products. Indeed, most studies avoid treatment with exogenous PA for that reason.

The TNFα/interleukin-6/STAT3 axis is also believed to be important for liver regeneration in 

APAP hepatotoxicity (James et al., 2003; 2005), as is epidermal growth factor receptor 

(EGFR) signaling (Bhushan et al., 2017a). A weakness of our study is that we did not test 

the effect of FSG67 on those pathways. Furthermore, Wnt/β-catenin signaling is complex, 

and crosstalk with many other signaling pathways has been described. For example, it was 

recently demonstrated that insulin-like growth factor-1 (IGF-1) receptor (IGFR1) directly 

enhances expression of b-catenin target genes in proliferating human hepatocytes (Jamwal et 

al., 2018), and data from similar studies in other tissues supports that hypothesis (Hu et al., 

2012).

There is some evidence that other lipid second messengers are also involved in liver 

regeneration after acute injury. For example, sphingolipids may promote hepatocyte 

proliferation after ischemia-reperfusion induced liver injury (Nojima et al., 2015; 2016). It is 

possible that there is a balance or interaction between synthesis of PA, lysoPA, and other 

lipids. However, very little is known about that at this point.
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DMSO had no effect on liver regeneration in our experiments. DMSO is known to be 

biologically active. For example, it is a potent inhibitor of cytochrome P450-mediated drug 

metabolism. In fact, pre- or co-treatment with DMSO is well known to protect against APAP 

hepatotoxicity by inhibiting NAPQI formation and protein binding (Seigers, 1978; Younes 

and Siegers, 1980; Jaeschke et al., 2006; Kelava et al., 2010; Du et al., 2013) although we 

avoided that in our studies by using a 3 h post-treatment with DMSO or FSG67; reactive 

metabolite formation is complete by 1.5 h post-APAP (McGill et al., 2013), so 3 h post-

treatment does not affect the early injury phase. It has also been reported that DMSO inhibits 

hepatocyte proliferation in vitro (Kost and Michalopoulos, 1991) and enhances activation of 

natural killer cells during APAP hepatotoxicity in vivo (Masson et al., 2008). Hepatocyte 

proliferation is obviously critical for liver regeneration. Furthermore, there is evidence that 

inflammatory cells enhance repair and regeneration after APAP overdose (Ju et al., 2002; 

Antoniades et al., 2012; Williams et al., 2014; Woolbright and Jaeschke, 2017), and the 

discovery that NKT-deficient mice have worse injury and outcomes (Martin-Murphy et al., 

2013) is consistent with those data. Thus, it was possible that using DMSO as a vehicle for 

FSG67 altered liver regeneration kinetics or signaling after APAP hepatotoxicity in our 

experiments. However, we found no differences in regeneration between mice treated with 

either saline or 2 mL/kg DMSO after APAP overdose.

Our results with DMSO may also be important for treatment of liver diseases, especially 

ALF, by cell transplantation. Stem cells and other cell types intended for clinical use, 

including hepatocytes, are often cryopreserved in solutions containing DMSO (Terry et al., 

2010; Iansante et al., 2018). However, the effect of DMSO on cell transplantation success 

has never been systematically tested, despite the fact that it inhibits hepatocyte proliferation 

in vitro (Kost and Michalopoulos, 1991). Our data are consistent with the null hypothesis 

that DMSO has no effect on proliferation in vivo, and support the continued use of DMSO in 

those solutions.

5. CONCLUSIONS

Overall, our data demonstrate that FSG67 blunts liver regeneration after APAP overdose 

through a mechanism involving GSK3β. Those data are consistent with our hypothesis that 

PA is critical for liver regeneration by supporting inhibition of GSK3β and promoting Wnt/

β-catenin signaling. This discovery has implications for many other liver diseases that 

involve hepatocyte proliferation, including cirrhosis and hepatocellular carcinoma. Future 

studies will confirm our results using more specific genetic approaches to manipulate PA, 

and will elucidate the mechanisms by which PA and GSK3β interact.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• FSG67 reduces hepatocyte proliferation after APAP hepatotoxicity

• FSG67 reduces GSK3β phosphorylation after APAP overdose, increasing its 

activity

• GSK3 inhibition restores normal liver regeneration in the presence of FSG67

• PA is likely critical for liver regeneration after APAP hepatotoxicity as a novel 

regulator of Wnt/β-catenin signaling
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Figure 1. FSG67 does not affect liver injury after APAP overdose.
Mice were treated with 300 mg/kg APAP at 0 h followed by either DMSO vehicle or 20 

mg/kg FSG67 at 2, 24, and 48 h. Blood and liver tissue were collected at 6, 24 and 52 h. (A) 

Plasma alanine aminotransferase (ALT) activity over time. (B) Percentage of tissue that was 

necrotic at 24 h. (C) H&E-stained liver sections at 6 and 24 h. Dashed lines emphasize areas 

of necrosis. Necrosis is characterized by loss of basophilia, increased eosinophilia, and 

nuclear shrinkage (pyknosis) at 6 h, and by eosinophilia, cell swelling, and loss of nuclei 

(karryorhexis) at 24 h. Data expressed as mean±SE for n = 3-6 mice.
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Figure 2. FSG67 reduces liver regeneration after APAP overdose.
Mice were treated with 300 mg/kg APAP at 0 h followed by either DMSO vehicle or 20 

mg/kg FSG67 at 2, 24, and 48 h. Blood and liver tissue were collected at 6, 24 and 52 h. (A) 

Immunoblot for proliferating cell nuclear antigen (PCNA) and β-actin. Samples (n = 3-5) 

were pooled for each of the control (C) and 6 h lanes. The full western blot for the 6 h 

samples is available in Suppl. Fig. 1. (B) Densitometry analysis of PCNA. (C) Percentage of 

cells that stained positive for PCNA at 52 h. (D) Representative images of liver sections 

stained for PCNA. Arrows point to PCNA-positive cells. Data expressed as mean±SE for n = 

3-6 mice. *p<0.05 vs. 0 h or DMSO vehicle.
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Figure 3. FSG67 does not affect APAP bioactivation or oxidative stress.
Mice were treated with 300 mg/kg APAP at 0 h followed by either DMSO vehicle or 20 

mg/kg FSG67 at 2, 24, and 48 h. Blood and liver tissue were collected at 6 h. (A) Total 

glutathione (GSH+GSSG) content in the liver. (B) Oxidized glutathione (GSSG) content in 

the liver. Data expressed as mean±SE for n = 3 mice.
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Figure 4. DMSO does not affect liver regeneration after APAP overdose.
Mice were treated with 300 mg/kg APAP at 0 h followed by 2 mL/kg DMSO at 3, 24, and 

48 h. Blood and liver tissue were collected at 6, 24 and 52 h. (A) Immunoblots of pooled 

samples for PCNA and β-actin. (B) Densitometry of immunoblots that were performed with 

individual samples. Data expressed as mean±SE for n = 4 mice.
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Figure 5. FSG67 reduces GSK3β phosphorylation after APAP overdose.
Mice were treated with 300 mg/kg APAP at 0 followed by either DMSO vehicle or 20 mg/kg 

FSG67 at 2, 24, and 48 h. Blood and liver tissue were collected at 6, 24 and 52 h. (A) 

Immunoblots for phosphorylated GSK3β (p-GSK3β) and total GSK3β. (B) Densitometry of 

GSK3β immunoblots. (C) Cyclin D1 mRNA. (D) Immnoblots for active β-catenin, total β-

catenin, and β-actin at 24 h. (E) Densitometry for β-catenin blots. (F) Wnt4 mRNA. (G) 

Wnt5 mRNA. All control (C) lanes are pools of the same vehicle-only control animals. The 

same pool was used for every C lane. Data expressed as mean±SE for n = 3-5 mice. *p<0.05 

for DMSO Veh vs. FSG67.
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Figure 6. L803-mts rescues liver regeneration in the presence of FSG67 after APAP overdose.
Mice were treated with 300 mg/kg APAP at 0 followed by DMSO vehicle, 20 mg/kg FSG67, 

or 20 mg/kg FSG67 and 600 nmol L803-mts at 3, 24, and 48 h. Blood and liver tissue were 

collected at 24 and 52 h. (A) Plasma ALT at 24 h. (B) Plasma ALT at 52 h. (C) 

Representative immunoblot for PCNA and β-actin at 52 h. (D) Densitometry for 

immunoblots for PCNA and β-actin at 52 h. (E) Cyclin D1 mRNA at 24 and 52 h. Data 

expressed as mean±SE for n = 8-9 mice. *p<0.05 for DMSO vs. FSG67..
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Figure 7. Mechanisms by which FSG67 may affect Wnt/β-catenin signaling.
When Wnt/β-catenin signaling is off, the β-catenin destruction complex composed of 

GSK3β, APC, CK1 and Axin targets β-catenin for destruction. When Wnt binds to Frizzled 

(Fz) and the Lrp co-receptors, the destruction complex is held inactive at the plasma 

membrane and β-catenin accumulates and upregulates transcription of pro-proliferation 

genes like cyclin D1. FSG67 may act by inhibiting synthesis of phosphatidic acid (PA) and 

lysoPA, which may normally inhibit GSK3β either directly (1) or through an effect mediated 

by disheveled (Dvl) (2). Alternatively, FSG67 may itself have an effect on GSK3β (3).
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Table 1.

Primer sequences for qPCR analysis.

Gene symbol Forward Reverse

Wnt4 AGACGTGCGAGAAACTCAAAG GGAACTGGTATTGGCACTCCT

Wnt5a CAACTGGCAGGACTTTCTCAA CATCTCCGATGCCGGAACT

PCNA TTTGAGGCACGCCTGATCC GGAGACGTGAGACGAGTCCAT

Cyclin-D1 GCGTACCCTGACACCAATCTC CTCCTCTTCGCACTTCTGCTC

GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
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Table 2.

Survival at 48 h post-APAP.

Group* Number %

APAP + Vehicle 4/4 100

APAP + FSG67 0/4 0

APAP + FSG67 + L803-mts 2/4 50

*
300 mg/kg APAP; 2 mL/kg DMSO vehicle; 30 mg/kg FSG67; 600 nmol L803-mts.
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