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Abstract

Hemorrhagic shock (HS) is a life-threatening condition associated with tissue hypoperfusion, and 

often leads to injury of multiple organs including the liver. Pregnane X receptor (PXR) is a 

species-specific xenobiotic receptor that regulates the expression of drug-metabolizing enzymes 

(DMEs) such as the cytochrome P450 3A (CYP3A). Many clinical drugs, including those often 

prescribed to trauma patients, are known to activate PXR and induce CYP3A. The goal of this 

study is to determine whether PXR plays a role in the regulation of DMEs in the setting of HS, and 

whether activation of PXR is beneficial or detrimental to HS-induced hepatic injury. PXR 

transgenic, knockout, and humanized mice were subject to HS, and the liver injury was assessed 

histologically and biochemically. The expression and/or activity of PXR and CYP3A were 

manipulated genetically or pharmacologically in order to determine their effects on HS-induced 

liver injury. Our results showed that genetic or pharmacological activation of PXR sensitized wild-

type and hPXR/CYP3A4 humanized mice to HS-induced hepatic injury, whereas knockout of 

PXR protected mice from HS-induced liver injury. Mechanistically, the sensitizing effect of PXR 

activation was accounted for by PXR-responsive induction of CYP3A and increased oxidative 

stress in the liver. The sensitizing effect of PXR was attenuated by ablation or pharmacological 

inhibition of CYP3A, treatment with the antioxidant N-acetylcysteine amide (NACA), or treatment 

with a PXR antagonist.

Conclusions: We have uncovered a novel function of PXR in HS-induced hepatic injury. Our 

results suggest that the unavoidable use of PXR-activating drugs in trauma patients has the 

potential to exacerbate HS-induced hepatic injury, which can be mitigated by the co-

administration of anti-oxidative agents, CYP3A inhibitors, or PXR antagonists.
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INTRODUCTION

Hemorrhagic shock (HS), a life-threatening condition when the body loses more than 20% 

of its blood or fluid supply, is the leading cause of death and disability in patients younger 

than 54 years of age (1). During the acute phase of hemorrhage, in addition to stopping 

bleeding, fluid resuscitation is a therapeutic priority in the clinic. Although the modern 

resuscitation techniques developed in the 1960s have led to an improved immediate survival, 

the emergence of subsequent organ failure remains a major health issue that may lead to late 

death (2). Among the mechanisms of HS-induced tissue injury, HS has been shown to 

trigger secondary tissue and organ injury including oxidative stress, which generates free 

radicals and leads to cellular membrane damage and cell death (3). The liver is an organ 

sensitive to HS-induced injury (4, 5). In the liver, the cytochrome P450 (CYP) enzymes in 

the hepatocytes represent an important source of reactive oxygen species (ROS), which may 

lead to mitochondrial dysfunction and cell necrosis upon HS (6). CYP3A is the most 

abundant hepatic P450. Although the effect of CYP3A on ROS generation might be 

substrate dependent, it is believed that CYP3A plays a major role in the overall ability of the 

human liver to generate ROS (7).

Pregnane X receptor (PXR) is a species specific xenobiotic receptor that regulates the 

expression of drug-metabolizing enzymes (DEMs) with CYP3A as its primary target gene 

(8). Seriously injured trauma patients are uniformly prescribed with multiple medications, 

including common ICU medications, such as fentanyl, protonix, dexamethasone (DEX) (9), 

benzodiazepines (10), and other medications, such as Tylenol and oxycodone for post-

surgery pain management, statins and fibrates for trauma patients with hyperlipidemia, and 

the antibiotic rifampicin (RIF) for reducing deep surgical site infections (11, 12) or for the 

treatment of tuberculosis. Many of these drugs are known to activate PXR and induce the 

expression of CYP3A. For example, DEX and RIF are typical agonists that preferentially 

activate the mouse and human PXR, respectively (13-15). Besides regulating DMEs, 

activation of PXR has been shown to sensitize normal and cancerous tissues to oxidative 

cellular damage, but the mechanism is yet to be defined (16). Although the expression of 

PXR and DEMs has been reported to be dynamically regulated by HS (17), it is unclear 

whether and how PXR plays a role in the regulation of DMEs in the setting of HS and if so, 

whether activation of PXR is beneficial or detrimental to HS-induced hepatic injury.

In this study, we showed that activation of PXR sensitized both the wild-type and hPXR/

CYP3A4 humanized mice to HS-induced hepatic injury in a CYP3A dependent manner. The 

sensitizing effect of PXR on HS-induced hepatic injury can be mitigated by inhibition of 

CYP3A, or treatment with an antioxidant, or a PXR antagonist.
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EXPERIMENTAL PROCEDURES

Animals and hemorrhagic shock

The Pxr−/− (13), VP-PXR transgenic (13), and hPXR/CYP3A4 humanized mice (18) were 

previously described. VP-PXR/Cyp3a−/− mice were generated by breeding the VP-PXR 

transgene into the Cyp3a−/− background (19). Eight-week old mice were used for 

hemorrhagic shock. Under anesthesia, catheters were placed in both femoral arteries. To 

initiate HS, approximately 0.6 ml of blood were withdrawn using a syringe pump during 

which the blood pressure was maintained at approximately 25 mmHg. After 2-h of pressure 

controlled HS, mice were resuscitated using Lactated Ringers solution at a volume of 3x 

each animal’s shed blood volume given over a 15-min period using a syringe pump. In the 

sham control mice, the femoral arteries were exposed but not catheterized. Serum and tissue 

samples were collected 22 hours after resuscitation. The use of mice in this study complied 

with the relevant federal guidelines and institutional policies.

For histology, immunohistochemistry, and immunofluorescence, real-time PCR and 
Western blot analysis, serum chemistry, analysis of microsomal metabolism of 
midazolam and oxycodone, see Supplemental Materials and Methods for details.

Statistical analysis

Results are expressed as mean ± SE. Differences between two individual groups were 

determined by Student’s t test. Differences between multiple groups were evaluated using 

one-way analysis of variance followed by post-hoc multiple comparison according to the 

Student-Newman-Keuls test. Statistical significance was accepted at p < 0.05.

RESULTS

Genetic activation of PXR and Pxr ablation sensitize mice to and protect mice from HS-
induced liver injury, respectively

To investigate the role of PXR in hepatic injury following hemorrhagic shock and 

resuscitation (HS/R), we established a 2-h fixed pressure model of HS/R in which mice were 

sacrificed 22 h after the resuscitation (20). As expected (4, 5), HS led to hepatic injury, as 

evidenced by histological necrosis (Supplementary Figure 1A), apoptosis of hepatocytes 

adjacent to the central vein (CV) (Supplementary Figure 1B) that was consistent with the 

peri-CV expression of Cyp3a11 (Supplementary Figure 1C), and increased serum level of 

alanine aminotransferase (ALT) (Supplementary Figure 1D). In addition, qRT-PCR results 

showed that the expression of Pxr and several of its target genes, including Cyp3a11, 

Cyp2b10, Cyp2d22 and Cyp2c29, was down-regulated (Supplementary Figure 1E). The 

down-regulation of Cyp3a11 was verified by Western blotting (Supplementary Figure 1F). 

The down-regulation of DMEs was also confirmed at the enzymatic level, because compared 

to the sham group, liver microsomes isolated from the HS group showed a decreased 

metabolism of sedative midazolam, a substrate of CYP3A (Supplementary Figure 1G) and 

analgesic oxycodone, a substrate of both CYP3A and CYP2D (Supplementary Figure 1H). 

Interestingly, we observed an intact expression of Pxr and a modest but significant increase 

in the expression of Cyp3a11 at the mRNA (Supplementary Figure 1I) and protein 
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(Supplementary Figure 1J) levels in mice that were subject to a 2-h HS but without a 

resuscitation. These results suggested that the suppression of Pxr and Cyp3a in mice subject 

to HS/R may have been secondary to the liver injury; whereas the activation of PXR and 

induction of Cyp3a11 in the HS phase may have played a pathogenic role in the liver injury.

To determine the effect of PXR activation on HS-induced tissue injury, WT, Alb-VP-PXR 

transgenic, and Pxr−/− mice were subject to HS/R before being analyzed for their injury in 

the liver and lung, two tissues known to be sensitive to HS (4, 4, 21). The Alb-VP-PXR 

transgenic mice express the constitutively activated PXR (VP-PXR) under the control of the 

liver-specific albumin gene promoter (13). Wild type mice subject to HS/R showed hepatic 

injury, as shown by H&E staining (Figure 1A), quantification of necrotic area (Figure 1B), 

Suzuki score of the histology based on hydropic degeneration and steatosis (22) (Figure 1C), 

and the serum ALT level (Figure 1D). Compared to WT mice, VP-PXR transgenic mice and 

Pxr−/− mice showed heightened and attenuated hepatic injury, respectively (Figure 1A-1D). 

The expression of both Cyp3a11 and Cyp2b10 was induced in sham VP-PXR transgenic 

mice as expected, but only the expression Cyp3a11 was suppressed upon HS/R (Figure 1E). 

Interestingly, the effect of PXR on HS-induced tissue injury was liver-specific, because there 

were no appreciable differences in HS-induced lung injury, including interstitial edema and 

infiltration of cells into the interstitial and alveolar spaces, among the three genotypes 

(Figure 1F). Compared to the liver, the lung had a very low expression of either Pxr or 

Cyp3a11 (data not shown).

Pharmacological activation of PXR, but not CAR, sensitizes mice to HS-induced hepatic 
injury

Since many clinical drugs, including those often prescribed to trauma patients, can activate 

PXR, we investigated whether a pharmacological activation of PXR can also sensitize mice 

to HS-induced hepatic injury. WT and Pxr−/− mice were pre-treated with PCN (40 mg/kg per 

day, i.p.) or DEX (20 mg/kg per day, i.p.) for two days before receiving the HS/R surgery. 

PCN is a prototypical mouse Pxr agonist, whereas DEX is a mouse-preferred Pxr agonist 

and a widely-prescribed glucocorticoid (13-15). When PCN was used as outlined in Figure 

2A, treatment of WT mice with PCN induced the expression of Cyp3a11 and Cyp2b10 at 

the mRNA (Figure 2B), protein (Figure 2C), and enzymatic (Figure 2D) levels in the sham 

group. PCN also induced the expression of Cyp3a11 in the HS/R group, which overrode the 

suppressive effect of HS/R on Cyp3a11 (Figure 2B-2D). As expected, PCN had little effect 

on the expression of Cyp3a11 in Pxr−/− mice regardless of HS/R (Figure 2B). Consistent 

with the results from the VP-PXR transgenic mice, treatment with PCN also sensitized mice 

to HS-induced hepatic injury as shown by H&E staining, quantification of necrotic area, and 

Suzuki scores (Figure 2E), and the serum ALT level (Figure 2F). The sensitizing effect of 

PCN was abolished in Pxr−/− mice (Figure 2E and 2F). A similar pattern of Pxr-dependent 

sensitization was observed in mice pre-treated with DEX (Supplementary Figure 2).

The constitutive androstane receptor (CAR) is a sister xenobiotic receptor of PXR. To 

determine whether activation of CAR can also sensitize mice to HS-induced hepatic injury, 

WT mice were pre-treated with TCPOBOP (0.25 mg/kg, i.p.), a potent CAR agonist, for 3 

days before the HS/R surgery (Supplementary Figure 3A). As expected, TCPOBOP induced 
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the expression of Cyp2b10, a primary target gene of CAR (Supplementary Figure 3B). 

However, TCPOBOP had little effect on HS-induced hepatic injury, as shown by histology 

(Supplementary Figure 3C-3E). These results suggested that the sensitizing effect was PXR 

specific.

Induction of CYP3A is required for the sensitizing effect of PXR activation on HS-induced 
hepatic injury

Since CYP3A is the primary target gene of PXR and a major source of ROS production that 

contributes to liver damage (6, 7), we went on to use CYP3A loss-of-function models to 

determine whether the expression and regulation of CYP3A were required for the 

heightened HS-induced hepatic injury in VP-PXR transgenic mice. The inhibition of 

CYP3A was achieved pharmacologically by treating mice with ketoconazole (KET) (23), or 

genetically by using the Cyp3a knockout (Cyp3a−/−) mice that bear the deletion of a cluster 

of mouse Cyp3a genes (19). In the pharmacological model, WT and VP-PXR transgenic 

mice were pre-treated with vehicle or KET (95 mg/kg per day, p.o.) for three days before 

receiving the HS/R surgery (Figure 3A). KET attenuated HS-induced hepatic injury in WT 

mice, and this attenuating effect was more dramatic in VP-PXR transgenic mice, as shown 

by histology (Figure 3B and 3C) and serum ALT level (Figure 3D).

Since trauma patients often receive treatment after their admissions to ICU, we evaluated the 

effect of post-HS treatment of KET on PCN-induced and HS/R responsive hepatic injury. 

Two time points of post-HS KET treatment were chosen: 2 h after the initiation of HS and 

right before resuscitation when Cyp3a11 was induced (Supplementary Figure 1I), and 12 h 

after the initiation of HS when the suppression of Cyp3a11 became obvious (Supplementary 

Figure 4A). The designs of the experiment are outlined in Supplementary Figure 4B. 

Treatment with KET at the 2-h time point, but not the 12-h time point, was effective to 

attenuate HS-induced hepatic injury as shown by histology (Supplementary Figure 4C-4E) 

and the serum ALT level (Supplementary Figure 4F). The loss of protection at the 12-h time 

point was likely due to the suppression of Cyp3a11. Nevertheless, these results suggested 

that the effect of post-HS treatment of KET was time-sensitive.

In the genetic model, we generated the VP-PXR/Cyp3a−/− mice by breeding the VP-PXR 

transgene into the Cyp3a−/− background. The VP-PXR and Cyp3a−/− alleles were verified by 

PCR genotyping (Supplementary Figure 5A) and the loss of Cyp3a expression was 

confirmed by qRT-PCR (Supplementary Figure 5B). In the same VP-PXR/Cyp3a−/− mice, 

the expression of Cyp2b10 was induced (Supplementary Figure 5B), consistent with the 

notion that Cyp2b10 is a PXR target gene. Compared to their VP-PXR counterparts, VP-

PXR/Cyp3a−/− mice showed attenuated liver injury upon HS/R (Figure 3E and 3F). These 

results suggested that the sensitizing effect of the VP-PXR transgene was Cyp3a11 

dependent, but independent of Cyp2b10. Ablation of Cyp3a also attenuated the sensitizing 

effect of PCN (Supplementary Figure 5C-5F).
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Pharmacological activation of hPXR sensitizes the hPXR/hCYP3A4 humanized mice to HS-
induced hepatic injury in a CYP3A-dependent manner

The drug induction of DMEs is known to have species specificity, and original hPXR 

humanized mice showed that the species origin of the PXR receptor is the determining factor 

for the species specificity (13). The second-generation of humanized mice were 

subsequently created by humanizing both hPXR and human CYP3A4. The humanization of 

CYP3A4 was achieved by introducing the CYP3A4 transgene into the Cyp3a−/− background 

(18). We used the hPXR/hCYP3A4 humanized mice and the control hPXR/Cyp3a−/− mice to 

determine whether activation of hPXR by RIF, an antibiotic and potent hPXR-specific 

agonist, can sensitize mice to HS-induced liver injury and whether this sensitization is 

CYP3A dependent. The humanized mice were pre-treated with RIF (10 mg/kg per day, i.p.) 

for 4 days before the HS/R surgery (Figure 4A). Treatment with RIF was efficient in 

inducing CYP3A4 as expected (Figure 4B), and the massive induction of CYP3A4 caused 

the loss of zonal expression of CYP3A4 (Figure 4C). The humanized mice showed a basal 

sensitivity to HS-induced liver injury similar to WT mice, and the liver injury was 

exacerbated by the treatment of RIF, as shown by histology (Figure 4D) and serum ALT 

level (Figure 4E). The sensitizing effect of RIF was attenuated in hPXR/Cyp3a−/− mice, 

suggesting that the sensitizing effect was CYP3A dependent (Figure 4D and 4E).

The sensitizing effect of PXR on HS-induced hepatic injury is accompanied by increased 
oxidative stress

CYP3A-mediated oxidation is an important source of ROSs (6, 7). Activation of PXR has 

been reported to sensitize mice to oxidative stress, such as those triggered by the oxidative 

toxicant paraquat (16). Having shown that induction of CYP3A is required for the 

sensitizing effect of PXR on HS-induced hepatic injury, we went on to determine whether 

the sensitizing effect of PXR was associated with an increased oxidative stress. Upon HS/R 

and compared to WT mice, the immunostaining of 4-hydroxynonenal (4-HNE), the α,β-

unsaturated hydroxyalkenal produced by lipid peroxidation and an oxidative stress 

biomarker (24), was increased in VP-PXR transgenic mice and PCN-treated WT mice, but 

decreased in Pxr−/− mice (Figure 5A). The respective increased and decreased oxidative 

stress in HS/R-treated VP-PXR and Pxr−/− mice were further verified by Western blot 

analysis of 4-HNE (Figure 5B) and immunofluorescence of 8-hydroxy-2’-deoxyguanosine 

(8-OHdG), a biomarker for free radicals induced by oxidative DNA lesions (25) (Figure 5C). 

Consistent with the notion that Cyp3a enzymes reside in the endoplasmic reticulum, the 

hepatic expression of activating transcription factor 3 (Atf3) (Figure 5D) and C/EBP 

homologous protein (Chop) (Figure 5E), two ER stress sensors, was increased in VP-PXR 

mice upon HS/R. The increased HS-responsive oxidative stress in VP-PXR transgenic mice 

and RIF-treated hPXR/hCYP3A4 humanized mice was Cyp3a dependent, because these 

effects were abolished in VP-PXR/Cyp3a−/− mice and hPXR/Cyp3a−/− mice (Figure 5F), 

respectively, as shown by immunofluorescence of 8-OHdG.
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Treatment with the antioxidant NACA attenuates the sensitizing effect of PXR on HS-
induced hepatic injury

To determine whether treatment with an antioxidant can attenuate the sensitizing effect of 

the VP-PXR transgene, VP-PXR transgenic mice were pre-treated with the antioxidant N-

acetylcystein amide (NACA, 200 mg/kg, i.p.) (26), one hour before the initiation of HS/R. 

Treatment with NACA attenuated HS-induced hepatic injury, as shown by histology (Figure 

6A-6C) and serum ALT level (Figure 6D). The HS-induced increase of 4-HNE 

immunostaining in the transgenic mice was also attenuated upon the NACA treatment 

(Figure 6E). Treatment of WT mice with NACA also attenuated the sensitizing effect of 

PCN and DEX on HS-induced hepatic injury (Supplementary Figure 6). Co-treatment of the 

VP-PXR transgenic mice with KET and NACA fully abolished the HS-induced hepatic 

injury (Supplementary Figure 7).

To evaluate the therapeutic potential of NACA, we conducted the post-HS treatment of 

NACA 2 h after HS but before the initiation of resuscitation (Supplementary Figure 8A). 

Post-HS treatment of NACA also attenuated PCN-induced and HS-responsive hepatic injury, 

as shown by histology (Supplementary Figure 8B-8D) and serum ALT level (Supplementary 

Figure 8E).

Post-hemorrhagic shock activation of PXR sensitizes mice to HS-induced hepatic injury

Since many trauma patients receive PXR-activating drugs upon their admissions to ICU, we 

investigated whether post-HS pharmacological activation of PXR can also sensitize mice to 

HS-induced hepatic injury. In this experiment, WT mice were subject to the HS surgery first, 

and right before the resuscitation, mice received a single intraperitoneal injection of PCN 

(40 mg/kg) or DEX (20 mg/kg) (Figure 7A). The activation of PXR and induction of 

Cyp3a11 were verified by qRT-PCR (Figure 7B). Post-HS treatment with PCN or DEX also 

exacerbated HS-induced hepatic injury as shown by histology (Figure 7C) and serum ALT 

level (Figure 7D). Post-HS treatment with PCN or DEX also increased HS-responsive 

oxidative stress as shown by immunofluorescence of 8-OHdG (Figure 7E). When the post-

HS treatment of PCN was repeated in Cyp3a−/− mice, we found that PCN can no longer 

sensitize these mice to HS-induced hepatic injury (Supplementary Figure 9), suggesting that 

the sensitizing effect of post-HS activation of PXR was also Cyp3a dependent.

Treatment with the hPXR antagonist SPA70 protects the hPXR/hCYP3A4 humanized mice 
from HS-induced hepatic injury in a time-sensitive manner

To determine whether a pharmacological inhibition of PXR can protect mice from HS/R-

induced hepatic injury, humanized mice treated with RIF (10 mg/kg), in the absence or 

presence of a recently reported human-specific PXR antagonist SPA70 (150 mg/kg) (27), for 

3 days were subject to HS/R (Figure 8A). Treatment with SPA70 efficiently blocked RIF-

responsive induction of CYP3A4 as reported (27) (Figure 8B). SPA70 also attenuated HS/R-

responsive and RIF-exacerbated hepatic injury as shown by histology (Figure 8C) and the 

serum ALT level (Figure 8D). In addition, SPA70 attenuated HS/R-induced oxidative stress, 

as shown by immunostaining of 4-HNE (Figure 8E), immunofluorescence of 8-OHdG 

(Figure 8F), and measurement of the expression of Atf3 and Chop (Figure 8G).
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The protective effect of SPA70 was time-sensitive, because when given at 2-h or 12-h after 

the initiation of HS (Supplementary Figure 10A), SPA70 failed to protect humanized mice 

from RIF-induced and HS/R-responsive hepatic injury (Supplementary Figure 10B-10E). 

The lack of post-HS effect of SPA70 was likely due to the insufficient time to inhibit RIF-

responsive expression of CYP3A4 (Supplementary Figure 10F). In the same set of 

experiments, treatment with KET at the 2-h time point, but not the 12-h time point, was 

effective to attenuate HS-induced hepatic injury (Supplementary Figure 10B-10E), 

consistent with the results from PCN-treated WT mice (Supplementary Figure 4).

DISCUSSION

Hemorrhagic shock remains a major health concern due to the secondary tissue and organ 

injuries. A better understanding of the mechanisms by which HS induces tissue injury will 

help to develop effective therapeutic strategies to reduce the mortality of organ injury, 

including injury to the liver. Our previous microarray analysis suggested a major suppression 

in the expression of PXR and its target DMEs (17), based on which we initially speculated 

that the suppression of PXR might have contributed to HS-induced hepatic injury. To our 

surprise, we found that Pxr ablation or pharmacological inhibition of PXR in humanized 

mice by SPA70 protected mice from HS-induced liver injury. In contrast, transgenic or 

pharmacological activation of PXR sensitized mice to HS-induced liver injury. The 

pathological role of PXR activation in HS-induced liver injury was consistent with our 

observation that there was an intact expression of Pxr and elevated expression of Cyp3a11 in 

mice that received the 2-h HS but without a resuscitation. Our results suggest that HS has a 

dynamic effect on the expression of Pxr and DMEs, and the HS-responsive suppression of 

PXR may represent a protective response and/or secondary response to HS-induced liver 

injury.

Our study is of medical significance. This is because seriously injured trauma patients are 

uniformly prescribed with multiple drugs, many of which are PXR activators and DME 

inducers in the liver. The unavoidable use of PXR-activating drugs prior to HS or during the 

clinical management of trauma may restore drug metabolism, but has the potential to 

exacerbate HS-induced liver injury. We showed both pre-HS and post-HS activation of PXR 

sensitized mice to HS-induced liver injury. The pre-treatment with PXR agonists simulates 

HS patients who happen to take PXR-activating drugs prior to their injury, whereas 

treatment during resuscitation mimics HS patients who receive PXR-activating medications 

during their ER visit or ICU stay. The human relevance of this study was also illustrated by 

our use of the hPXR/hCYP3A4 humanized mice, in which treatment with RIF, an antibiotic 

to reduce deep surgical site infections (14, 15) or to treat tuberculosis, sensitized these mice 

to HS-induced liver injury.

The mechanistic insight revealed from this study may provide translational opportunities. 

We have presented both pharmacological and genetic evidence that the induction of CYP3A 

is required for the sensitizing effect of PXR on HS-induced hepatic injury. The initial 

evidence was that treatment with the CYP3A inhibitor KET attenuated the VP-PXR 

transgenic mice from HS-induced liver injury. In addition to inhibiting Cyp3a enzymes, 

KET and its derivatives can also function as PXR antagonists (28). Therefore, we cannot 
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exclude the possibility that inhibition of both Cyp3a and PXR may have contributed to the 

protective effect of KET. To more conclusively define the role of CYP3A, we showed that 

ablation of the Cyp3a genes abolished the sensitizing phenotype in VP-PXR transgenic 

mice, PCN- or DEX-treated WT mice, or RIF-treated humanized mice. Pharmacoenhancing 

by CYP3A inhibition is not uncommon in the clinic. It is interesting to know whether 

pharmacoenhancers, such as Ritonavir used in the HIV antiretroviral therapy (29), can be 

used to attenuate the sensitizing effect of PXR activation. The use of antioxidant NACA to 

relieve the sensitizing effect of PXR was also exciting, because the oral formulation of N-

acetylcysteine (NAC) is a drug approved for treating APAP overdose whose mechanism of 

hepatotoxicity also involves oxidative stress. The use of hPXR antagonist SPA70 to 

attenuate RIF-induced sensitization in humanized mice provided a proof of concept evidence 

that a direct use of PXR antagonists may also be used to manage PXR-mediated 

sensitization of HS-responsive liver injury. Last but not least, it is encouraging that post-HS 

administration of NACA and KET remained effective in alleviating PXR-induced and HS/R-

responsive hepatic injury.

In summary, we have uncovered a previously unrecognized role of PXR in HS-induced liver 

injury. Cautions need to be applied when PXR-activating drugs are used in trauma patients, 

or when patients were on PXR-activating drugs prior to their traumatic injuries. Our results 

also suggest that co-administration of anti-oxidative agents, CYP3A inhibitors, and/or PXR 

antagonists can be used to mitigate the side effect of liver injury associated with the 

unavoidable use of PXR-activating drugs in trauma patients.

Supplementary Material

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

ALT alanine aminotransferase

CAR constitutive androstane receptor

CV central vein

CYP cytochrome P450

DEX dexamethasone

HS/R hemorrhagic shock and resuscitation

4-HNE 4-Hydroxynonenal

KET ketoconazole
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PCN pregnenolone 16α-carbonitrile

RIF rifampicin

PXR pregnane X receptor

NACA N-acetylcystein amide

8-OHdG 8-hydroxy-2’ -deoxyguanosine

ROS reactive oxygen species
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Figure 1. Genetic activation of PXR and Pxr ablation sensitize mice to and protect mice from 
HS-induced liver injury, respectively.
(A) WT, VP-PXR transgenic, and Pxr−/− mice subject to sham surgery or HS/R were 

analyzed for liver injury by H&E staining. The “N”s within the dotted circle indicate the 

necrotic areas. Bar is 100 μm. (B-E) Mice are the same as in (A). Shown are quantification 

of necrotic areas (B), Suzuki scores of the liver damage (C), and serum levels of ALT (D), 

and hepatic expression of Cyp3a11 and Cyp2b10 (E). (F) Mice in (A) were analyzed for 

lung injury by H&E staining. n=4~5 for each group. *, p < 0.05; **, p < 0.01, compared to 

the WT (B and C), or the comparisons are labeled (D and E).
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Figure 2. Pharmacological activation of PXR sensitizes mice to HS-induced hepatic injury.
(A) Schematic representation of the PCN pre-treatment model. WT and Pxr−/− mice were 

intraperitoneally injected with PCN (40 mg/kg per day) for two days before receiving the 

sham surgery or HS/R. (B and C) The hepatic mRNA (B) and protein (C) expression of 

Cyp3a11 and Cyp2b10 were measured by qRT-PCR and Western blotting, respectively. (D) 
The liver microsomal productions of 1’-OH midazolam (left) and noroxycodone (right) were 

measured by UPLC-MS analysis. (E) Liver histology was analyzed by H&E staining. Bar is 

100 μm. Shown below are quantification of necrotic areas and Suzuki scores. (F) Serum 

levels of ALT. n=4~5 for each group. *, p < 0.05; **, p < 0.01, the comparisons are labeled 

(B, D and F), or compared to the WT+VEH group (E).
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Figure 3. Induction of CYP3A is required for the sensitizing effect of PXR activation on HS-
induced hepatic injury.
(A) Schematic representation of the ketoconazole (KET) pre-treatment model. WT and VP-

PXR transgenic mice were treated with KET (20 mg/kg per day) for two days before 

receiving the sham surgery or HS/R. (B and C) Liver histology was analyzed by H&E 

staining (B, Bar is 100 μm), and quantification of necrotic areas and Suzuki scores (C). (D) 
Serum levels of ALT. (E) VP-PXR and VP-PXR/Cyp3a−/− mice subject to the sham surgery 

or HS/R were analyzed for liver histology by H&E staining. Shown on the right are 

quantification of necrotic areas and Suzuki scores. (F) Serum levels of ALT. n=4~5 for each 

group. *, p < 0.05; **, p < 0.01, the comparisons are labeled (C, D, and F), or compared to 

the VP-PXR group (E).
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Figure 4. Pharmacological activation of hPXR sensitizes the hPXR/hCYP3A4 humanized mice to 
HS-induced hepatic injury in a CYP3A-dependent manner.
(A) Schematic representation of the rifampicin (RIF) pre-treatment model. WT, hPXR/

CYP3A4 and hPXR/Cyp3a−/− mice were treated with RIF (10 mg/kg per day) for four days 

before receiving the sham surgery or HS/R. (B) The hepatic mRNA expression of human 

CYP3A4 and mouse Cyp3a11 was measured by qRT-PCR. (C) The hepatic expression of 

CYP3A4 was measured by immunostaining. CV, central vein; P, portal vein. (D) Liver 

histology was analyzed by H&E staining. Bar is 100 μm. Shown below are quantification of 

necrotic areas and Suzuki scores. (E) Serum levels of ALT. n=4~5 for each group. *, p < 

0.05; **, p < 0.01, the comparisons are labeled.
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Figure 5. The sensitizing effect of PXR on HS-induced hepatic injury is accompanied by 
increased oxidative stress.
(A) Immunostaining of 4-HNE in liver tissues from WT, VP-PXR, WT+PCN, and Pxr−/− 

mice subject to the sham surgery or HS/R. Arrowheads indicate positive staining. (B) The 

level of 4-HNE was measured by Western blotting. (C) Immunofluorescent staining of 8-

OHdG in liver tissue from WT, VP-PXR and Pxr−/− mice. (D) The hepatic expression of 

Atf3 and Chop was measured by qRT-PCR. (E and F) Immunofluorescent staining for 8-

OHdG in liver tissues from WT, VP-PXR and VP-PXR/Cyp3a−/− mice that were subject to 

HS/R (E), or VEH- or RIF-treated hPXR/CYP3A4 and hPXR/Cyp3a−/− mice that were 
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subject to HS/R (F). Bars are 100 μm. n=4~5 for each group. *, p < 0.05; **, p < 0.01, the 

comparisons are labeled.
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Figure 6. Treatment with the antioxidant NACA attenuates the sensitizing effect of PXR on HS-
induced hepatic injury.
(A) Liver histology was analyzed by H&E staining in VEH- or NACA-treated VP-PXR mice 

that were subject to the sham surgery or HS/R. Bar is 100 μm. (B to D) Mice are the same as 

in (A). Shown are quantification of necrotic areas (B), Suzuki scores (C), and serum levels 

of ALT (D) in mice subject to HS/R. (E) Mice are the same as in (A). The level of 4-HNE 

was measured by immunostaining with the positive staining indicated by arrowheads. Bar is 

100 μm. n=4~5 for each group. *, p < 0.05; **, p < 0.01, compared to the VEH group (B and 

C), or the comparisons are labeled (D).
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Figure 7. Post-hemorrhagic shock activation of PXR sensitizes mice to HS-induced hepatic 
injury.
(A) Schematic representation of the model of post-HS treatment of PCN or DEX. WT mice 

were subject to a 2-h HS and intraperitoneally injected with PCN (40 mg/kg) or DEX (20 

mg/kg) before the resuscitation, and the mice were sacrificed 22 h after. (B) The hepatic 

mRNA expression of Cyp3a11 was measured by qRT-PCR. (C) Liver histology was 

analyzed by H&E staining. Shown on the right are quantification of necrotic areas and 

Suzuki scores. (D) Serum levels of ALT. (E) Immunofluorescent staining for 8-OHdG. Bar 

is 100 μm. n=4~5 for each group. *, p < 0.05; **, p < 0.01, the comparisons are labeled (B 

and D), or compared to the VEH group (C).
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Figure 8. Treatment with the hPXR antagonist SPA70 protects the hPXR/hCYP3A4 humanized 
mice from HS-induced hepatic injury.
(A) Schematic representation of the SPA70 pre-treatment model. Mice were 

intraperitoneally injected with VEH, RIF (10 mg/kg) and SPA70 (150 mg/kg) individually or 

in combination for 3 days before receiving the sham surgery or HS/R. (B) The hepatic 

mRNA expression of CYP3A4 was measured by qRT-PCR. (C) Liver histology was 

analyzed by H&E staining. Shown on the right are quantification of necrotic areas and 

Suzuki scores. (D) Serum levels of ALT. (E and F) The hepatic levels of 4-HNE 

(arrowheads indicated the positive staining) (E) and 8-OHdG (F) were measured by 

immunostaining and immunofluorescence, respectively. (G) The hepatic mRNA expression 

of Atf3 and Chop was measured by qRT-PCR. Bars are 100 μm. n=4~5 for each group. *, p 

< 0.05; **, p < 0.01, the comparisons are labeled.
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