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Abstract

Background and Aims—Pretreatment with clofibrate, a peroxisome proliferator-activated 

receptor alpha (PPARa) agonist, protects mice from acetaminophen (APAP) injury. Protection is 

not due to alterations in APAP metabolism and is dependent on PPARa expression. Gene array 

analysis revealed that mice receiving clofibrate have enhanced hepatic Vanin-1 (Vnn1) gene 

expression, a response that is also PPARa dependent.

Methods—We examined the role of Vnn1 by comparing the responses of Vnn1 knockout and 

wild type mice following APAP hepatotoxicity. APAP metabolism, hepatotoxicity and 

compensatory hepatocyte proliferation and immune responses were assessed.

Results—Vnn1 knockout mice are more susceptible to APAP hepatotoxicity despite no 

differences in hepatic glutathione content, gene expression of APAP metabolizing enzymes, or 

hepatic capacity to bioactivate or detoxify APAP ex vivo. Together, these data strongly suggest 

that the susceptibility of Vnn1 knockout mice is not due to differences in APAP metabolism. 

Immunochemistry revealed a lack of proliferating cell nuclear antigen-positive hepatocytes and 

F4/80-positive macrophages in and around areas of centrilobular necrosis in APAP-treated Vnn1 
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knockouts. Hepatic gene induction of pro-inflammatory cytokines was either significantly reduced 

or completely blunted in these mice. This was correlated with a reduction in early recruitment of 

cells positive for granulocyte differentiation antigen 1 or integrin alpha M. Heightened toxicity 

was also observed in CCl4 and ConA hepatitis models in the absence of Vnn1.

Conclusions—These results indicate that mice lacking Vnn1 have deficiencies in compensatory 

repair and immune responses following toxic APAP exposure and that these mechanisms may 

contribute to the enhanced hepatotoxicity seen.
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Introduction

Acetaminophen (APAP) is a widely used analgesic and antipyretic drug that is attributed to 

half of all acute liver failure cases in the United States [1]. Upon therapeutic administration, 

APAP is metabolized by hepatic glucuronidation or sulfation reactions and eliminated via 

multidrug resistance-associated proteins (Mrps) into blood and bile [2–4]. A small fraction 

of the parent compound undergoes bioactivation by cytochrome P450 to generate N-acetyl-

p-benzoquinone imine (NAPQI), a reactive metabolite that is detoxified by glutathione 

(GSH). APAP overdose saturates detoxification pathways and enhances bioactivation. 

Excessive NAPQI generation causes GSH depletion, binding to macromolecules and 

oxidative stress with hepatic centrilobular necrosis ensuing [5].

Peroxisome proliferators (PPs), a class of peroxisome proliferator-activated receptor alpha 

(PPARa) agonists, protect rodents from APAP injury [6]. In mice, protection by clofibrate 

(CFB), a PP, does not appear to be due to alterations in APAP metabolism [7] or by 

increased detoxification by catalase [8] or NAD(P)H quinone oxidoreductase 1 (Nqo1) [9]. 

Protection is also independent of changes in APAP-protein adduct formation and GSH 

depletion [10], though it requires activation of PPARa [11].

Mice receiving CFB have a 7-fold induction in Vanin-1 (Vnn1) gene expression in liver 

[12]. Similar to the mechanism of PP-mediated protection, Vnn1 induction and expression 

are also PPARa dependent [12, 13]. The Vnn1 gene encodes for pantetheinase that 

hydrolyzes pantetheine into pantothenic acid (Vitamin B5) and cysteamine [14]. The 

aminothiol cysteamine is protective against lipid peroxidation [15, 16] and aldehyde 

overload [17]. Systemically, Vnn1 modulates tissue tolerance to stress [18] and this impacts 

immune function by regulating cell homing towards inflamed [19] or developing [20] tissues 

by an unknown mechanism.

Since protection from APAP by CFB is associated with Vnn1 induction [12] we investigated 

the susceptibility of Vnn1 knockout mice to different modes of liver injury. We more 

specifically show that mice lacking Vnn1 are sensitive to APAP hepatotoxicity. This occurs 

independently of changes in APAP bioactivation or detoxification, but is associated with a 

decrease in immune cell infiltration and hepatic repair in response to APAP injury. The 
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identification of specific protective mechanisms mediated by Vnn1 may help developing 

more effective treatment of APAP overdose.

Materials and Methods

Animal Care and Treatment

Vnn1 knockout C57BL/6 mice were kept in a pathogen-free mouse facility [13]. 

Experiments were performed as approved by the Institutional Animal Care and Use 

Committee of the Université d’Aix Marseille, France. Male Vnn1 knockout and wild type 

mice receiving APAP treatment were fasted the night before receiving intraperitoneal (i.p.) 

injection with either APAP (400mg/kg in 50% propylene glycol) or vehicle. Food was 

returned at 8 hours and mice were sacrificed at 24 and 48 hours after treatment. For carbon 

tetrachloride (CCl4) treatment, 25µl/kg was delivered by i.p. injection in corn oil vehicle 

(25µl CCl4 / 10ml oil). Concanavalin A (ConA; 15mg/kg) was delivered by intravenous 

(i.v.) injection in saline. Studies using either CCl4 or ConA were terminated after 24hrs. 

Blood was collected by orbital bleeds while livers were either snap frozen in liquid nitrogen 

or fixed in formalin.

ALT Activity Assay

Hepatotoxicity was determined by measuring ALT activity in plasma samples using the 

Infinity GPT Reagent (Thermo Scientific, Waltham, MA) as recommended by the 

manufacturer and read on a 96-well plate reader (BioTek PowerwaveX, BioTek, Winooski, 

VT).

Histopathology and Immunohistochemistry

Paraffin sections were prepared from formalin-fixed livers. Hepatotoxicity was assessed 

following hematoxylin and eosin staining. Liver sections were scored on a 0–5 scale (1.0 

intervals) according to the severity of centrilobular necrosis as previously performed [6]. 

Immunohistochemistry for proliferating cell nuclear antigen (PCNA) was probed using a kit 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. F4/80 was detected 

by incubating rat monoclonal primary antibody (Abcam, Cambridge, MA). Secondary 

antibodies were used before developing with 3, 3’ diaminobenzidine tetrahydrochloride 

(Vector Laboratories, Burlingame, CA).

Acetone-fixed frozen sections were stained with FITC-coupled anti-CD11b and PE-coupled 

Gr1 mAbs (BD Biosciences). Pictures were taken on a confocal microscope (Zeiss). 

Quantification was performed on 5–6 APAP-treated control or Vnn1-deficient mice 30 

hours after APAP administration. Seven independent sections taken 30µm apart were 

prepared for each mouse and perivascular infiltrating cells were counted within each. Error 

bars represent the variability from seven pictures taken for each mouse.

qRT-PCR

Total RNA was isolated from frozen liver following homogenization in TRIzol (Invitrogen). 

cDNA was synthesized using M-MLV reverse transcriptase (Invitrogen) and random 

primers. qRT-PCR was performed on a 7500 Fast Real-Time PCR System (Applied 
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Biosystems, Carlsbad, CA) using SYBR green and species-specific primer pairs for each 

gene (Supplementary Table 1). Gene expression was quantified by the ΔΔCT method and 

normalized to β-actin.

GSH Assay

Total hepatic GSH concentrations were quantified from frozen liver tissue by the recycling 

method as described [21]. Absorbance was read at 412nm, taking measurements at 30 

second intervals for 2 minutes (Sigma Aldrich, St. Louis, MO).

In Vitro Metabolism of APAP

Hepatic microsomal and cytosolic fractions were prepared from frozen livers taken from 

untreated mice. In vitro biochemical analyses of APAP glucuronidation, sulfation and 

bioactivation were performed as described [22, 23].

Statistical Analysis

Results are expressed as means ± standard error. Statistical analysis of the data was 

compared using the student’s t test or two way ANOVA when gender and genotypes were 

combined in the CCl4 experiment, followed by post-hoc analysis. Differences were 

considered significant at p<0.05.

Results

Vanin-1 null mice are sensitive to acetaminophen-induced hepatotoxicity

Previous gene array studies in our laboratory established an association between hepatic 

Vnn1 gene upregulation and protection against APAP in mice receiving CFB pretreatment 

[12]. To determine whether Vnn1 participates to hepatoprotection, Vnn1-null mice were 

treated with APAP. Liver toxicity was assessed by plasma alanine aminotransferase (ALT) 

activity and histopathological analysis of liver sections. At 24 hours the mean plasma ALT 

activity was three-fold higher in knockouts compared to wild type mice, 768 ± 161 U/L and 

255 ± 75 U/L, respectively (Table 1). By 48 hours, ALT activity was four times higher in 

Vnn1 knockouts (936 ± 151 versus 223 ± 55 U/L in wild type). Histopathological analysis 

of liver sections revealed that Vnn1 knockout mice tended to have a higher hepatic necrosis 

score compared to wild types at 24 hours, and that this trend became significant at 48 hours. 

Therefore, mice lacking Vnn1 are susceptible to APAP hepatotoxicity, consistent with a 

hepatoprotective role for Vnn1.

Susceptibility of Vanin-1 null mice to APAP is not due to differential metabolism

Enhanced APAP toxicity may be caused by increased bioactivation to reactive NAPQI or by 

decreased ability of the liver to detoxify APAP or its reactive intermediate. Therefore, the 

higher susceptibility of Vnn1 knockout mice could result from differences in the expression 

of APAP metabolizing or detoxifying enzymes. qRT-PCR was performed on livers collected 

from naïve, fasted Vnn1 knockout and wild type mice. No differences in hepatic mRNA 

expression of APAP bioactivating enzymes Cyp1a2, 3a11, 2e1, detoxifying enzyme UDP-

glucuronosyltransferase 1a6 (Ugt1a6) or genes involved in the disposition of APAP 
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metabolites, such as Abcc2, 3 and 4 (Mrp2-4) were observed between genotypes 

(Supplementary Fig. 1A, B).

To ensure that the enhanced susceptibility of Vnn1 knockout mice to APAP toxicity is not 

due to differences in the livers’ ability to bioactivate or detoxify APAP, hepatic metabolism 

of APAP was performed in vitro. Microsomal incubations were prepared from frozen livers 

of both genotypes and their ability to bioactivate APAP was assessed by measuring the 

formation of APAP-NAC metabolite following the addition of NAC, NADP and APAP. 

Complete incubations from both Vnn1 knockout and wild type livers formed APAP-NAC at 

similar rates (Supplementary Fig. 2A), indicating that a comparable amount of NAPQI was 

being generated in liver preparations from both genotypes.

The capacity of the liver to detoxify APAP by glucuronidation and sulfation was then 

assessed in vitro. APAP-Gluc formation was determined by incubating microsomes with 

APAP and UDPGA, while APAP-Sulf formation was monitored by incubating cytosolic 

fractions with PAPS, dithiothreitol (DTT) and APAP. In both instances, incubations from 

Vnn1 knockout and wild type livers generated metabolites at similar rates (Supplementary 

Fig. 2B and C, respectively). Collectively, gene expression and in vitro APAP metabolism 

analyses demonstrate that the increased susceptibility of Vnn1 knockout mice to APAP 

hepatotoxicity is unlikely due to alteration in bioactivation, detoxification or disposition of 

APAP.

Vanin-1 null mice have no deficiencies in APAP detoxification capacity by GSH

GSH status conditions the extent of damage following APAP treatment, as APAP binding to 

cellular macromolecules is not detected until GSH is sufficiently depleted [24]. To 

investigate whether Vnn1 knockout mice have altered GSH synthesis and/or content, we 

examined the hepatic mRNA expression of the catalytic subunit of gamma glutamylcysteine 

synthetase (Gclc). Vnn1 knockout mice exhibited 33% greater expression of Gclc when 

compared to wild types (Fig. 1A). However, basal GSH concentration in livers was 

equivalent (Fig. 1B). It is therefore unlikely that the susceptibility of Vnn1 knockout mice to 

APAP hepatotoxicity is due to altered GSH content in liver.

To test whether the livers of Vnn1-null mice have an altered capacity to regenerate GSH or 

to neutralize NAPQI via GSH conjugation, a time-dependent GSH depletion study was 

performed following APAP dosing. APAP-treated mice were sacrificed at 2, 4 or 24 hours 

post-injection. A >70% depletion of total hepatic GSH was observed in both genotypes 

between 2 and 4 hours (Fig. 1C). Interestingly, GSH replenishment was more pronounced in 

Vnn1 knockout mice at 24 hours. Induction of hepatic Gclc gene expression was also greater 

at 2 and 4 hours after APAP treatment in the Vnn1 knockout mice relative to wild types 

(Fig. 1D). Together, these data show that hepatic basal GSH content and utilization after 

APAP treatment in Vnn1 knockout and wild type mice are similar, suggesting that the 

enhanced APAP toxicity seen in knockout mice is not due to impaired detoxification by 

GSH or its replenishment.

Ferreira et al. Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vanin-1 knockout mice exhibit deficiencies in compensatory hepatocellular proliferation 
and F4/80-positive macrophage infiltration following toxic acetaminophen insult

Activation of repair mechanisms also determines the extent of hepatotoxicity following 

APAP injury [25]. This involves the recruitment of immune cells to sites of damage and the 

proliferation of viable hepatocytes surrounding necrotic areas in centrilobular regions. 

Disruption of these mechanisms could result in enhanced APAP toxicity. To investigate this, 

we analyzed H&E stained liver sections from various mice 48 hours after APAP treatment. 

The number of infiltrating immune cells generally correlates with the severity of damage 

[26, 27]. Surprisingly, Vnn1 knockout mice had noticeably less infiltration within areas of 

centrilobular necrosis compared to wild type mice (Fig. 2) despite having more severe 

hepatocellular damage. The knockouts also displayed decreased numbers of bi-nucleated 

hepatocytes surrounding the areas of injury (Fig. 2B), reflecting reduced compensatory 

hepatocyte proliferation. Assessment of mitotic PCNA-positive hepatocytes was performed 

on liver sections 24 and 48 hours following APAP treatment. Mitotic cells were identified as 

early as 24 hours (Fig. 3A, D) in damaged centrilobular areas in both genotypes but in much 

larger proportion in wild type mice at 48 hours (Fig. 3C, F), indicating a delayed deficiency 

of cellular proliferation in Vnn1 knockouts in response to APAP injury.

Liver sections were also stained with anti-F4/80 antibody, a marker of resident 

macrophages. Once again, no differences in staining were observed between genotypes at 24 

hours (Fig. 4B, E). In contrast, by 48 hours, F4/80 positive cells were less likely to be found 

within areas of necrosis in Vnn1 knockouts (Fig. 4C, F). Instead, F4/80-positive cells in the 

knockout mice primarily resided in periportal regions despite the clear presence of 

centrilobular necrosis, suggesting an abnormal localization and/or activation of these cells 

48 hours after injury.

Altered hepatic myeloid cell infiltration and activation in Vanin-1 knockout mice following 
acetaminophen intoxication

In addition to the reduced numbers of hepatic F4/80 positive cells after APAP treatment [28, 

29], blood-derived monocytes are recruited towards the lesion, a process involving the 

chemokine receptor 2 (Ccr2)/ chemokine ligand 2 (Ccl2) axis. Tissue or blood-derived 

macrophages then polarize by integrating microenvironmental signals. To investigate 

whether these processes could be altered in Vnn1 knockout mice we quantified by qRT-PCR 

the relative gene expression of various cytokine and chemokines in whole liver obtained 48 

hours following APAP treatment. In vehicle-treated mice, gene expression of inducible 

nitric oxide synthase (iNos), an inflammation marker, and interleukin 4 (Il-4), which 

polarizes macrophages towards a repair phenotype, were reduced in Vnn1 knockouts by 2.9 

and 4.3 fold, respectively (Fig. 5A). Following 48hr APAP treatment, pro-inflammatory 

cytokines interferon gamma (Ifng), iNos and tumor necrosis factor (Tnf) were damped in 

knockout mice by 2.7, 2.8 and 5.1 fold. Ccl2 was induced by almost 20 fold in wild type 

mice following APAP, though induction was completely blunted in Vnn1 knockouts. This 

suggests a decrease in chemotactic and cytokine signaling in Vnn1 knockout mice in 

response to APAP, particularly in genes with a pro-inflammatory phenotype.
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To investigate whether recruitment of neutrophils and monocytes is modified in Vnn1 

knockouts, we performed dual-staining immunofluorescence for granulocyte differentiation 

antigen 1 (Gr-1) and integrin alpha M (CD11b) on frozen liver sections 30 hours following 

APAP treatment. Neutrophils express high levels of Gr-1 and CD11b antigens whereas 

monocytes preferentially express CD11b and display lower Gr-1 levels. CD31 was probed 

as an endothelial marker. Cells positive for either Gr-1 or CD11b were less prevalent in 

APAP-treated Vnn1 knockout mice in comparison to wild type as evidenced by punctate 

staining in and surrounding areas of necrosis (Fig. 5B–E). In both genotypes, the majority of 

positive cells expressed both markers and localized to centrilobular areas. Quantification of 

either marker indicated that, on average, positive cells were reduced by five times in Vnn1 

knockout livers compared to wild type (Fig. 5F), signifying that recruitment of Gr-1+ and 

CD11b+ cells is compromised in response to APAP hepatotoxicity in Vnn1 knockout mice.

Vanin-1 null mice are susceptible to injury following acute treatment of other 
hepatotoxicants

The present studies demonstrate that mice lacking Vnn1 are susceptible to injury following 

APAP treatment. To determine whether this susceptibility is extended to other 

hepatotoxicants, we administered CCl4 or ConA to wild type and Vnn1 knockout mice. Like 

APAP, CCl4 treatment results in the production of a reactive intermediate (CCl3−) and 

subsequent centrilobular necrosis. CCl4 treatment (25ul/kg, i.p.) resulted in enhanced 

toxicity in male (means; KO=4340 vs. WT=1230) and female (KO=2510 vs. WT=866) 

Vnn1 knockouts as measured by plasma ALT activity, a significant result when the genders 

are combined and compared by genotype (Fig. 6A; 2way ANOVA analysis: Gender effect 

not significant; Genotype effect: p<0.001).

To determine whether Vnn1 knockouts are susceptible to a hepatotoxicant that acts 

independently of reactive metabolite generation, mice were treated with ConA. ConA 

treatment is a model of autoimmune hepatitis, resulting in T cell and macrophage-dependent 

liver injury [30]. Following an i.v. injection of 15mg/kg ConA, Vnn1 knockout mice were 

strikingly more susceptible to increased ALT than wild types (7571±2985 vs. 315±141, 

respectively) (Fig. 6B). Collectively, these results indicate that a loss of Vnn1 results in 

greater susceptibility to injury from multiple classes of hepatotoxicants.

Discussion

In the present studies we investigated the susceptibility of Vnn1 knockout mice to APAP 

hepatotoxicity. APAP treatment resulted in enhanced hepatotoxicity in the knockouts at both 

24 and 48 hours as measured by plasma ALT activity and histopathological scoring of liver 

sections. Increased toxicity occurs despite no observed differences in gene expression of 

APAP metabolizing enzymes or hepatic efflux transporters. In vitro APAP metabolism 

studies confirmed that there are no significant alterations in the capacity of livers from Vnn1 

knockout mice to bioactivate or detoxify APAP by CYP450 or glucuronidation and sulfation 

reactions, respectively.

GSH metabolism plays an essential role in APAP detoxication. Although Vnn1 impacts 

GSH content in BALB/c mice [31, 32], control and Vnn1 deficient C57BL/6 mice have 
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comparable basal hepatic GSH levels and, furthermore, no differences in GSH utilization 

after APAP treatment until the recovery phase (24 hour time point) at which time GSH 

repletion is augmented in Vnn1 knockout mice. This could result from enhanced gGCS 

expression and/or activity in the absence of cystamine in Vnn1 deficient mice during 

detoxication. Overall, our data suggest that the susceptibility of Vnn1 knockouts is not due 

to a decrease in the capacity of the liver to detoxify APAP via GSH.

Compensatory hepatocellular proliferation also contributes to the outcome of acute liver 

injury. This process might be altered in Vnn1 knockout mice, which show a decrease in bi-

nucleated and PCNA-positive hepatocytes after toxic APAP exposure surrounding foci of 

centrilobular necrosis. This is in agreement with the beneficial effect of Vnn1 expression 

during chondroblast expansion [33], suggesting a possible role for Vnn1 in cell proliferation.

Vnn1 knockout mice displayed less infiltration of immune cells, including F4/80-positive 

macrophages 48 hours after APAP treatment despite having more necrosis, an unexpected 

result given that the degree of infiltration generally correlates with the severity of APAP 

injury [26, 27]. This finding is in agreement with similar observations in an infectious model 

[19], and could be explained by the significant reduction in the production of the Ccl2 

chemokine, previously shown to recruit myeloid cells with hepatoprotective potential in part 

via the clearance of necrotic cells [28, 34]. As a consequence, the level of expression of four 

out of seven pro-inflammatory immune cell polarization genes was reduced in Vnn1 

knockout livers 48 hours after APAP treatment. A lack of Vnn1 has been linked to 

deficiencies in immune cell infiltration in other mouse models of tissue repair [20] or 

intestinal inflammation [32]. Similarly, Vnn2, another pantheinase isoform present on 

human neutrophils and CD-14 positive monocytes regulates leukocyte migration and 

adhesion [35, 36], possibly through the engagement of lipid rafts on the cell surface [37]. 

Another report describes impairment of arterial repair following ischemic stress due to lack 

of myofibroblast activation in the absence of Vnn1 [38]. Thus, Vnn1 may have important 

cell signaling functions involved in the recruitment, activation and crosstalk of immune 

and/or stromal cells involved in repair processes.

To further explore the role of Vnn1 as a genetic determinant of chemical-induced liver 

injuries, knockout mice were also treated with CCl4, a toxicant similar to APAP in that it 

causes centrilobular necrosis following bioactivation of the parent compound to a reactive 

metabolite. The results with CCl4 reported here indicate that the enhanced susceptibility of 

Vnn1 knockout mice to liver injury is not unique to APAP.

To determine whether the mechanism of susceptibility is independent of the scavenging of 

reactive oxygen species, we treated mice with ConA, a model toxicant used to assess T cell 

and macrophage-dependent liver injury. Instead of the production of a reactive metabolite, 

the mechanism of toxicity is the primary result of immune cell activation by ConA leading 

to cytokine-induced hepatocyte cell death [39, 40]. Plasma ALT 24 hours following ConA 

treatment was drastically enhanced in the knockout mice, giving further evidence that Vnn1 

affects the immune response following toxicant exposure. Furthermore, this provides 

additional evidence (along with the metabolism studies presented here) that the mechanisms 

for enhanced susceptibility of Vnn1 knockout mice to hepatotoxicants are independent of 
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the scavenging of a reactive metabolite. Overall, the analysis and results with three distinct 

hepatotoxicants in Vnn1 knockout mice validate our previous observation that treatment 

with CFB, which induces Vnn1, protects against hepatotoxicants other than APAP.

Cysteamine, the catalytic product of pantetheine hydrolysis, has been used clinically as an 

antidote for APAP overdose [41]; however, the mechanism by which cysteamine acts has 

not been elucidated. Cysteine and other APAP antidotes that enhance GSH synthesis lose 

their protective effect when GSH synthesis is inhibited by buthionine sulfoximine treatment. 

Cysteamine remains protective during these conditions [42], suggesting that the mechanism 

of protection is independent of GSH synthesis. Furthermore, the estimated 20–50µM 

cysteamine concentration in mouse liver [12, 43] is appreciably lower than other non-protein 

thiols such as GSH, suggesting that direct binding of NAPQI by cysteamine is minimal.

Mice that are protected from APAP by CFB pretreatment have increased hepatic 

concentrations of oxidized cystamine (and enhanced Vnn1 gene expression), while 

concentrations of reduced cysteamine are unchanged [12]. One can anticipate that under 

acute oxidative stress, cystamine dominates over cysteamine. Oxidized glutathione, cystine 

and cystamine are all thought to regulate enzymatic pathways by protein disulfide exchange, 

resulting in modifications of enzyme activity mediated by critical cysteine sites. 

Specifically, in vitro assays have shown that cystamine can inhibit key enzymes involved in 

tissue response to stress including PKCe, transglutaminase and caspase 3 [44–47]. In this 

way, it is likely that oxidized cystamine acts as a sensor when the cellular redox status is 

altered, regulating thiol-sensitive cellular processes involved in response to stress.

Gene array studies revealed that Vnn1 was the most significantly up-regulated gene in the 

differential comparison of wild type and PPARa-null mice pretreated with CFB and 

challenged with APAP. The observed 53-fold difference in gene expression is in great part 

due to a much lower basal expression of Vnn1 in the mutant mice [12]. This is conceivably 

one of the few examples in the literature where gene array analyses have provided a highly 

credible mechanistic lead (Vnn1 gene expression) subsequently proven through functional 

toxicity studies to be a novel genetic determinant of APAP hepatotoxicity. The studies 

presented here show that Vnn1 regulates the recruitment of specific populations of immune 

cells following APAP toxicity, possibly through modulation of redox-sensitive enzymatic 

activities.

Supplementary Material

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

PAPS 3’-Phosphoadenosine 5’-Phosphosulfate
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DTNB 5,5’-Dithio-Bis(2-Nitrobenzoic Acid)

APAP Acetaminophen

ALT Alanine Aminotrasferase

BSA Bovine Serum Albumin

CCl4 Carbon tetrachloride

Ccr2 C-C Chemokine Receptor 2

CFB Clofibrate

CD Cluster of Differentiation

ConA Concanavalin A

CYP450 Cytochrome P450

gGCS Gamma-Glutamylcysteine Synthetase

Gclc Glutamate-cysteine ligase catalytic subunit

GSH Glutathione

GSSG Glutathione Disulfide

iNos Inducible Nitric Oxide Synthase

Ifng Interferon Gamma

Il Interleukin

Mrp Multidrug Resistance Associated Protein

Mpo Myeloperoxidase

NAC N-acetyl cysteine

NAPQI N-acetyl-p-benzoquinone imine

Nqo1 NAD(P)H:Quinone Oxidoreductase 1

PPARa Peroxisome Proliferator-Activated Receptor Alpha

PCNA Proliferating Cell Nuclear Antigen

Tgfβ1 Transforming Growth Factor Beta 1

Tnf Tumor Necrosis Factor

Ugt UDP-glucuronosyltransferase

Vanin-1; Vnn1 Vascular Non-Inflammatory Molecule 1
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Highlights

• Enhanced susceptibility of Vanin-1 null mice to acetaminophen hepatotoxicity

• Absence of Vanin-1 results in deficiency in compensatory liver repair

• Altered immunity in livers from acetaminophen treated Vanin-1 null mice

• PPAR-alpha activation induces Vanin-1 and protects against acetaminophen 

toxicity
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Fig. 1. Glutathione Status in Livers from Naïve Wild type and Vanin-1 Knockout Mice
(A and C) qRT-PCR was performed to quantify hepatic Gclc mRNA expression among 

fasted (A) and APAP treated (C) livers from both genotypes. (B and D) Total GSH content 

was examined in frozen livers from naïve (B) and APAP treated (D) Vnn1 knockout and 

wild type mice. The data are presented as mean ± SEM (n = 4–7 animals). An asterisk (*) 

represents a significant difference (p < 0.05) between wild type and Vnn1 knockout mice at 

the same time point.
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Fig. 2. Histopathological Analysis of Livers from Vnn1 Wild type and Null Mice Receiving 
Acetaminophen
48 hours after 400mg/kg APAP treatment, less infiltration by immune cells (small blue 

nuclei within necrotic area) is evident within areas of centrilobular necrosis in (B) Vnn1 null 

mice relative to (A) wild types. Also, less compensatory proliferation of hepatocytes is seen 

surrounding the necrotic areas as illustrated by the presence of fewer binucleated 

hepatocytes (arrowheads). Magnification = 200×.
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Fig. 3. Hepatic PCNA Protein Expression in Vanin 1 Knockout and Wild type Mice following 
Toxic Acetaminophen Exposure
Representative sections of control-treated liver from (A) wild type or (D) Vnn1 knockout 

mice. Hepatic PCNA protein is enhanced similarly in (B) wild type mice and (E) Vnn1 

knockouts 24 hours following toxic APAP exposure. At 48 hours, staining is more intense in 

(C) wild type mice than (F) Vnn1 knockouts. Magnification = 100×.
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Fig. 4. Hepatic F4/80 Protein Expression in Vnn1 Knockout and Wild type Mice following Toxic 
Acetaminophen Exposure
Representative sections of control-treated liver from (A) wild type or (D) Vnn1 knockout 

mice. Arrows illustrate similar distribution of F4/80-positive cells in (B) wild type and (E) 

Vnn1 knockouts after 24 hours. At 48 hours, fewer F4/80-positive cells are evident within 

areas of centrilobular necrosis in (F) Vnn1 knockouts relative to (C) wild type mice. Instead, 

F4/80-positive cells remain in periportal regions (circled). Magnification = 100×.
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Fig. 5. Cytokine Expression and Immune Cell Analyses of Acetaminophen-treated Wild Type 
and Vnn1 Knockout Mice
(A) APAP-mediated gene induction of pro-inflammatory cytokines was blunted in Vnn1 

knockout mice 48 hours after treatment. (B–F) Early hepatic recruitment of CD11b (B and 

D; green staining) and Gr-1 (C and E; red staining) positive cells 30 hours after APAP 

treatment. Anti CD-31 staining (blue) used as an endothelial marker. (F) Quantification 

revealed fewer infiltrating Gr-1 and CD11b positive cells in livers from KO mice. Mean ± 

SEM (n = 4–6 animals). Asterisks (*) represent a statistical difference (p < 0.05) between 

genotypes.
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Fig. 6. Plasma ALT Activity of Wild Type and Vnn1 Knockout Mice Receiving Carbon 
Tetrachloride or Concanavalin A Treatment
Vnn1 knockout mice were more susceptible to elevations in plasma ALT 24 hours following 

(A) carbon tetrachloride (i.p., 25µl/kg in corn oil) or (B) concanavalin A (i.v., 15mg/kg in 

saline) treatment. The data are presented as the median, in boxes ranging from the 25th to 

75th percentiles with whiskers corresponding to the minimum and maximum values (n = 4–

6 animals). An asterisk (*) represents a significant difference (p < 0.01) between wild type 

and Vnn1 knockout mice.
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Table 1

Plasma ALT Activity and Hepatic Necrosis after APAP Treatment.

Plasma
ALT
Activity1

Hepatic
Necrosis2

(U/L) (% Mice with Score ≥ 2) _____

Genotype Control 24hr APAP 48hr APAP Control 24hr APAP 48hr APAP

Wild Type 25 ± 2 255 ± 75 223 ± 55 0 0 40

Vnn1 Knockout 22 ± 2 768 ± 161* 936 ± 151* 0 20 80*

1
ALT activity (n = 4–10) presented as mean ± SE.

2
Hepatic histopathology (n = 4–5) was scored on a 0–5 scale as previously described [6].

*
p < 0.05 compared to wild type.
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