
A Hepatocyte–Mimicking Antidote for Alcohol Intoxication

Duo Xu,
Department of Chemical and Biomolecular Engineering, University of California, Los Angeles, CA 
90095, USA, luucla@ucla.edu

Dr. Hui Han,
Department of Medicine, Keck School of Medicine of USC, University of Southern California, Los 
Angeles, CA 90033, USA, chengji@usc.edu

Yuxin He,
Department of Medicine, Keck School of Medicine of USC, University of Southern California, Los 
Angeles, CA 90033, USA, chengji@usc.edu

Harrison Lee,
Department of Medicine, Keck School of Medicine of USC, University of Southern California, Los 
Angeles, CA 90033, USA, chengji@usc.edu

Di Wu,
Department of Chemical and Biomolecular Engineering, University of California, Los Angeles, CA 
90095, USA, luucla@ucla.edu

Fang Liu,
Department of Chemical and Biomolecular Engineering, University of California, Los Angeles, CA 
90095, USA, luucla@ucla.edu

Dr. Xiangsheng Liu,
California NanoSystem Institute, Los Angeles, CA 90095, USA

Prof. Yang Liu,
State Key Laboratory of Medicinal Chemical Biology, Institute of Polymer Chemistry, College of 
Chemistry, Nankai University, Tianjin 300071, China

Prof. Yunfeng Lu, and
Department of Chemical and Biomolecular Engineering, University of California, Los Angeles, CA 
90095, USA, luucla@ucla.edu

Prof. Cheng Ji
Department of Medicine, Keck School of Medicine of USC, University of Southern California, Los 
Angeles, CA 90033, USA, chengji@usc.edu

Abstract

Alcohol intoxication causes serious diseases, whereas current treatments are mostly supportive and 

unable to remove alcohol efficiently. Upon alcohol consumption, alcohol is sequentially oxidized 
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to acetaldehyde and acetate by the endogenous alcohol dehydrogenase and aldehyde 

dehydrogenase, respectively. Inspired by the metabolism of alcohol, we develop a hepatocyte–

mimicking antidote for alcohol intoxication through the co–delivery of the nanocapsules of 

alcohol oxidase (AOx), catalase (CAT), and aldehyde dehydrogenase (ALDH) to the liver, where 

AOx and CAT catalyze the oxidation of alcohol to acetaldehyde, while ALDH catalyzes the 

oxidation of acetaldehyde to acetate. Administered to alcohol–intoxicated mice, the antidote 

rapidly accumulates in the liver and enables a significant reduction of the blood alcohol 

concentration. Moreover, blood acetaldehyde concentration is maintained at an extremely low 

level, significantly contributing to liver protection. Such an antidote, which can eliminate alcohol 

and acetaldehyde simultaneously, holds great promise for the treatment of alcohol intoxication and 

poisoning and can provide therapeutic benefits.
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Alcohol consumption is a millennium–old fashion of human civilization, while excessive use 

of alcohol causes serious diseases and health problems, such as gastrointestinal and hepatic 

diseases, cancer, and cardiovascular disease[1–6]. Among people aged 15–49 years, alcohol 

consumption is the leading risk factor for premature mortality and disability[3]. Although 

acute alcohol intoxication takes up 8–10% of emergency room administrations[7], current 

treatments (e.g., homeostasis management and prevention of complications) are mostly 

supportive and still rely on the endogenous enzymes to eliminate alcohol[8–11]. Despite the 

development of colloidal antidotes[9], small molecule drugs[10,12–14], and inorganic 

nanoparticles[15,16] for alcohol detoxification, their inability to actively eliminate alcohol 

limits their therapeutic efficacy. To date, there are no effective antidotes for alcohol 

intoxication yet.

The metabolism of alcohol mainly relies on cytosolic alcohol dehydrogenase (ADH) and 

mitochondrial aldehyde dehydrogenase (ALDH) in the hepatocytes[17,18]. Cytochrome P450 

2E1 in the microsomes only becomes active after a significant amount of alcohol is 

consumed. ADH and ALDH convert alcohol to acetaldehyde and then to acetate with the 

help of nicotinamide adenine dinucleotide (NAD+) (Figure 1a). We envision that the 

effective removal of alcohol and acetaldehyde could be achieved by the co–delivery of 

alcohol oxidase (AOx), catalase (CAT), and ALDH to the liver. As illustrated in Figure 1b, 

AOx and CAT in the form of an enzyme complex, as well as ALDH, are encapsulated within 

a cationic polymer shell through in situ polymerization[19,20], which forms enzyme 

nanocapsules denoted as n(AOx–CAT) and n(ALDH), respectively. The polymer shells 

stabilize the enzymes while allowing fast transport of the substrates, rendering the enzyme 

nanocapsules with highly retained activity and enhanced stability[21,22]. Similar to other 

positively–charged nanoparticles, such nanocapsules can be effectively delivered to the liver 

through intravenous administration[23–25], where n(AOx–CAT) converts alcohol to 

acetaldehyde and hydrogen peroxide (H2O2), with the latter removed by the CAT. As–

generated acetaldehyde is then converted to acetate by n(ALDH) with the help of NAD+.
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Note that ADH and ALDH have been encapsulated within erythrocytes by 

electroporation[26–28]. Such–enzyme loaded erythrocytes were intravenously administered to 

alcohol–intoxicated mice, exhibiting a circulation half–life of 4.5 days and leading to a 

significant decrease in the blood alcohol concentration (BAC)[28]. However, due to the low 

loading efficiency, it requires the administration of a large number of enzyme–loaded 

erythrocytes in order to achieve a reasonable reduction in BAC. For instance, given an 

enzyme loading efficiency of 2.1 × 10−9 U ADH or 5.4 × 10−11 U ALDH per 

erythrocyte[28], it would take ~ 4.8 × 108 or 1.9 × 1010 enzyme–loaded erythrocytes to 

deliver 1U of ADH or ALDH. This quantity approximates to the number of erythrocytes in 

100 or 4000 mL blood of human. In addition, the short shelf–life of erythrocytes (up to 42 

days)[29,30] and the biosafety concerns[31] over the blood specimens further preclude its use 

for therapeutic purposes.

Our antidote strategy mimics the function of hepatocytes by co–delivering n(AOx–CAT) and 

n(ALDH) to the liver, where these enzymes are located in close proximity within the cells, 

enabling the simultaneous and effective breakdown of alcohol and the toxic intermediates 

(H2O2 and acetaldehyde). Furthermore, alcohol oxidation by ADH and ALDH in the liver 

consumes a substantial amount of NAD+, which may result in NAD+ deficiency that hinders 

continuous elimination of alcohol and acetaldehyde. Despite the regeneration of NAD+ 

through mitochondrial respiration, the insufficient availability of NAD+ remains as the rate–

limiting step in alcohol metabolism[32]. In our biomimetic strategy, in contrast, the majority 

of NAD+ could be used by n(ALDH) for efficient acetaldehyde oxidation, given that 

n(AOx–CAT) does not require this cofactor.

Results and Discussion

Synthesis and characterization of the enzyme nanocapsules.

Spherical and monodispersed n(AOx–CAT) and n(ALDH) averaging 32.8±4.0 nm and 

34.3±3.9 nm were observed with transmission electron microscopy and dynamic light 

scattering (Figure 2a, b). Meanwhile, n(AOx–CAT) and n(ALDH) showed zeta potentials of 

~4 mV and ~2 mV, respectively (Figure 2c). The positive zeta potentials would allow their 

rapid accumulation in the liver after administration[23,24,33,34]. While the native enzymes are 

found to be unstable under physiological temperature or in the presence of proteases, the 

polymer shells also enhance the thermal and proteolytic stability of the enzymes. For 

instance, when incubated at 37 ˚C for 2 hr, especially in the presence of protease, the native 

enzymes quickly lost their activity (Figure S1, Supporting Information). On the contrary, 

both n(AOx–CAT) and n(ALDH) could maintain over 75% of their activity under the same 

conditions. In addition, the solution of n(AOx–CAT) and n(ALDH) remained stable and free 

of aggregation in 2 weeks (Figure S1, Supporting Information). The increased stability 

would warrant the use of nanocapsules in vivo.

The close proximity of AOx and CAT within a nanocapsule was demonstrated using Förster 

resonance energy transfer (FRET), in which AOx and CAT were conjugated with fluorescein 

(FL) and tetramethylrhodamine (TAMRA), respectively (Figure S2, Supporting 

Information). Under 450 nm excitation, the mixture of AOx and CAT only exhibited an 

emission peak of FL at ~520 nm. In contrast, n(AOx–CAT) showed emission peaks from 
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both FL (520 nm) and TAMRA (580 nm), confirming the close association of the two 

enzymes in the nanocapsules. The close proximity of the AOx and CAT also enabled the 

efficient removal of the toxic H2O2 generated during the process of alcohol oxidation 

(Figure S3, Supporting Information). The effective breakdown of alcohol and acetaldehyde 

by the nanocapsules were confirmed by adding the two nanocapsules to an alcohol–

containing solution (0.4%, w/v) (Figure 2d). The concentration of ethanol continuously 

decreased (0.05% per hour), with only a small amount of acetaldehyde accumulated in the 

solution (0.006% per hour). Although n(AOx–CAT) and n(ALDH) were biocompatible, the 

acetaldehyde produced by n(AOx–CAT) during alcohol oxidation could induce severe cell 

injuries and apoptosis in primary mouse hepatocytes (PMH). The acetaldehyde produced by 

n(AOx–CAT) induced injuries among ~36% of the cell population, while the addition of 

n(ALDH) substantially reduced the injury population to < 6% (Figure 2e). Furthermore, the 

cells treated with alcohol and n(AOx–CAT) showed a high–level of Caspase activity 

(3.0×104 RLU), whereas adding n(ALDH) significantly decreased the level of Caspase 

(1.2×104 RLU) (Figure 2f, Figure S4, Supporting Information). The efficient and 

simultaneous breakdown of alcohol and acetaldehyde highlights the potential of co–

delivering the two nanocapsules as an effective antidote for alcohol intoxication.

Delivery and efficacy of the antidote.

Similar to other positively–charged nanoparticles, intravenous administration of the 

nanocapsules enables their accumulation in the liver[23,24,33], the major organ for alcohol 

metabolism. To confirm their effective delivery to the liver, we first examined the uptake of 

n(AOx–CAT) and n(ALDH) by hepatocytes (Figure 3a, Figure S5, Supporting Information). 

Herein, the native AOx–CAT and n(AOx–CAT) were conjugated with TAMRA, and the 

native ALDH and n(ALDH) were conjugated with FL. After incubation with mouse 

hepatocytes (AML12) for 4 hr, the cells treated with the native AOx–CAT and ALDH 

exhibited little fluorescence, whereas intense fluorescence signals were observed from the 

cells incubated with n(AOx–CAT) and n(ALDH). Moreover, the fluorescence signals from 

n(AOx–CAT) and n(ALDH) overlapped in the cytosol of the hepatocytes[19,35], indicating 

the co–delivery of the two nanocapsules to the same cells (Figure S6, Supporting 

Information). Similar results were also observed in mouse macrophages (J774A.1), which 

could transport the nanocapsules from the circulation to the liver (Figure S7, Supporting 

Information). With both n(AOx–CAT) and n(ALDH) internalized in the cytosol through 

endocytosis (Figure S8, Supporting Information), these cells can function as mini–reactors 

to eliminate alcohol and acetaldehyde simultaneously. The biodistribution of the 

nanocapsules in mice was further investigated with n(AOx–CAT) and n(ALDH) conjugated 

with TAMRA and Alexa Fluor 680 (AF680), respectively. The nanocapsules were 

intravenously administered to the mice, and the organs were imaged 4 and 8 hr post–

injection (Figure 3b, Figure S9, Supporting Information). High TAMRA and AF680 

intensities were observed predominantly in the liver, indicating the efficient delivery of both 

nanocapsules to the liver. The rapid accumulation of n(AOx–CAT) and n(ALDH) would 

potentially aid in the consecutive breakdown of alcohol and acetaldehyde. To investigate the 

potential secondary poisoning that may be caused by the degradation of the nanocapsules, 

we administered the n(AOx–CAT) (as an example of nanocapsules) to the mice to study 

their biodistribution. From fluorescence imaging, we observed that most of the nanocapsules 
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rapidly accumulated in the liver and the fluorescence intensity gradually decreased in the 

next 3 days. Only slight increases in the ALT levels during the first 48 hr after the 

administration of the nanocapsules were observed. (Figure S10, Supporting Information).

To study the efficacy of the nanocapsules as an antidote, we intravenously administered 

n(AOx–CAT) and n(ALDH) with or without additional NAD+ to the alcohol–intoxicated 

mice (5 mg alcohol per gram of mouse body weight). Additional NAD+ was used to evaluate 

if acetaldehyde oxidation by n(ALDH) could be enhanced. The blood samples were taken at 

different time after the administration (30, 120, 240, and 420 min) to determine the BAC and 

blood acetaldehyde concentrations (BAchC). Compared to the PBS–treated group that 

showed a BAC of ~335, ~325, and ~250 mg/dL at 120, 240, and 420 min, the group treated 

with nanocapsules (without NAD+) showed a BAC of ~236, ~182, and ~127 mg/dL, 

respectively (Figure 3c). The group given the nanocapsules with NAD+ exhibited a similar 

BAC to the group given nanocapsules alone, suggesting that the alcohol oxidation by 

n(AOx–CAT) was independent of the level of NAD+. The substantial decrease in BAC 

demonstrates the efficacy of the nanocapsules as an antidote and results in a faster 

restoration of consciousness (Figure S11, Supporting Information).

More importantly, the acetaldehyde generated from alcohol oxidation by n(AOx–CAT) could 

be rapidly eliminated by n(ALDH). In the group given nanocapsules (without NAD+), the 

BAchC remained at ~4.0, ~3.3, and ~1.9 mg/dL at 120, 240, and 420 min (Figure 3d). 

Moreover, the additional NAD+ could help further decrease the BAchC to ~3.0, ~2.0, and 

~0.8 mg/dL at 120, 240, and 420 min. The extremely low BAchC would significantly 

contribute to the liver protection, given that the accumulation of acetaldehyde could induce 

liver cirrhosis and hepatocellular carcinoma[17,36–39]. The simultaneous and efficient 

removal of both alcohol and acetaldehyde highlighted the feasibility of using n(AOx–CAT) 

and n(ALDH) as an antidote toward alcohol intoxication or poisoning.

While acute alcohol intoxication causes mild elevation of ALT and steatosis, liver injury 

becomes more evident with chronic high–fat diet (HFD) plus a single binge[40]. Thus, we 

studied the alcohol–induced liver injury and organelle stress response in mice given HFD for 

3 weeks, followed by acute alcohol intoxication. The mice were then treated with PBS, or 

n(AOx–CAT) and n(ALDH) with NAD+ as the antidote, and their liver samples were 

analyzed. Compared with the healthy liver, the formation of lipid droplets (LD) was slightly 

increased in alcohol–intoxicated mice given PBS or the antidote (Figure 4a). Consistent with 

the histology, the liver triglyceride content was 30 and 42 mg/g in the group treated with 

PBS and the antidote, respectively (Figure 4b). While the accumulation of acetaldehyde in 

the liver of mice treated only with n(AOx–CAT) could substantially increase LD formation 

(Figure S12, Supporting Information), the efficient removal of acetaldehyde by the antidote 

reduced it remarkably. Moreover, the plasma ALT level was increased 170 IU/L after alcohol 

intake, whereas the antidote brought the level down to 135 IU/L (Figure 4c). Although the 

administration of the antidote exhibited a higher level of liver triglyceride and ALT than 

those of the healthy mice, BAC and BAchC were significantly decreased, and sufficient liver 

protection was achieved.
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To evaluate the organelle stress responses in the liver, we investigated the expression levels 

of ER stress markers (GRP78, CHOP)[36,41,42] and autophagy markers (pmTOR, mTOR, 

LC3B)[43] (Figure 4d). Compared with the PBS–treated group, the expression levels of 

GRP78, CHOP, pmTOR/mTOR, and LC3BII/LC3BI in the antidote–treated group were 

upregulated 2.6, 18.4, 1.5, and 1.0–fold, respectively. All these markers but CHOP indicated 

negligible organelle stress responses and autophagy disruptions. With regards to CHOP in 

this chronic experimental system, the complete elimination of alcohol and acetaldehyde with 

even faster kinetics would potentially reduce its expression level and achieve complete liver 

protection. Collectively, the antidote allows the efficient removal of both alcohol and 

acetaldehyde, without significant disruption to the liver health.

Conclusion

In summary, we have designed a hepatocyte–mimicking antidote for alcohol intoxication by 

the co–delivery of n(AOx–CAT) and n(ALDH) to the liver. While n(AOx–CAT) enables 

rapid alcohol removal, as–generated acetaldehyde could be efficiently removed by 

n(ALDH). Administration of the antidote to alcohol–intoxicated mice resulted in significant 

reduction in BAC without the accumulation of acetaldehyde. Such an antidote could provide 

profound therapeutic benefits to alcohol–intoxicated patients, and rescue lives in emergency 

rooms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design of a hepatocyte–mimicking antidote for alcohol intoxication. (a) Alcohol metabolism 

in hepatocytes. Cytosolic ADH converts alcohol to acetaldehyde with the cofactor NAD+ 

(Step 1). Then, ALDH in the mitochondria converts acetaldehyde to acetate with NAD+ 

(Step 2). (b) Schematic illustration of the synthesis of n(AOx–CAT) and n(ALDH) through 

in situ polymerization. • and •• represent monomers and crosslinkers. Then, n(AOx–CAT) 

and n(ALDH) are co–delivered to the liver cells, where they catalyze the consecutive 

oxidation of alcohol to acetaldehyde, then to acetate.
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Figure 2. 
Characterization of the nanocapsules. (a) Transmission electron microscopy images of 

n(AOx–CAT) and n(ALDH) with uniform diameters of 32.8±4.0 nm and 34.3±3.9 nm, 

respectively. (b) Size and (c) Zeta potentials of n(AOx–CAT) and n(ALDH) measured by 

dynamic light scattering. (d) The kinetics of the removal of alcohol and acetaldehyde in a 

closed system containing alcohol (0.4%, w/v), after incubating with PBS, or n(AOx–CAT) 

(0.8 U/mL), or n(ALDH) (6.0 U/mL), or the mixture of n(AOx–CAT) and n(ALDH) for 4 hr. 

(e) Reduced cytotoxicity in primary mouse hepatocytes (PMH) after the simultaneous 

removal of alcohol and acetaldehyde. Cytotoxicity was assessed by measuring the release of 

lactate dehydrogenase. (f) Reduced apoptosis in PMH after the simultaneous removal of 

alcohol and acetaldehyde. Apoptosis was indicated by the relative luminescent unit (RLU) of 

Caspase 3/7 activity. Data are presented as mean ± SEM (n=3~6). **P < 0.01, ***P < 0.005 

and ****P < 0.0001.
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Figure 3. 
Delivery and therapeutic efficacy of n(AOx–CAT) and n(ALDH) as the antidote. (a) 

Confocal laser scanning microscopy (CLSM) images of mouse hepatocytes (AML12) after 4 

hr incubation with the native AOx–CAT and ALDH, or n(AOx–CAT) and n(ALDH). 

Hoechst 33342 was used to stain the nuclei. The native AOx–CAT and n(AOx–CAT) were 

labeled with TAMRA; the native ALDH and n(ALDH) were labeled with FL. Scale bar, 50 

μm. (b) Fluorescence imaging of the major organs after intravenous administration of 

n(AOx–CAT) and n(ALDH). For imaging purpose, n(AOx–CAT) and n(ALDH) were 

labeled with TAMRA and AF680, respectively. (c), (d) Blood alcohol concentrations (BAC) 

(c) and blood acetaldehyde concentrations (BAchC) (d) of alcohol–intoxicated mice treated 

with PBS, n(AOx–CAT) and n(ALDH), or n(AOx–CAT) and n(ALDH) with NAD+. Mice 

were gavaged with alcohol at 5 mg/g body weight, and BAC were measured at 30, 120, 240, 

and 420 min. Data are presented as mean ± SEM (n=6~9). *P < 0.05, **P < 0.01, and ****P 
< 0.0001.
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Figure 4. 
Biocompatibility of the antidote after HFD and acute alcohol intoxication. (a) Representative 

H&E and Oil Red O staining of the liver tissues in alcohol–intoxicated mice treated with 

PBS, or n(AOx–CAT) and n(ALDH) with NAD+ as the antidote. Liver tissue from healthy 

mice was used as the control. Scale bar, 50 μm. (b) Total liver triglycerides in healthy mice 

(n=5) and alcohol–intoxicated mice treated with PBS (n=5) or the antidote (n=7). (c) Plasma 

ALT level in healthy mice (n=5) and alcohol–intoxicated mice treated with PBS (n=5) or the 

antidote (n=7). (d) Protein expression levels of the ER stress markers (GRP78, CHOP), and 

autophagy markers including the mechanistic target of rapamycin (mTOR), phosphorylated 

mTOR (pmTOR) and microtubule–associated protein 1A/1B–light chain 3 (LC3B). (e) 

Quantification of protein expression levels of the ER stress and autophagy markers, 

normalized with glyceraldehyde–3–phosphate dehydrogenase (GAPDH). Data are presented 

as mean ± SEM (n=5~7).
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