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ABSTRACT: Alcoholic liver injury (ALI) is the leading cause of serious liver disease, whereas current treatments
are mostly supportive and unable to metabolize alcohol directly. Here we report a metabolic reprogramming strategy
for targeted alcohol detoxification and ALI management based on a confined cascade nanoreactor. The nanoreactor
(named AA@mMOF) is designed by assembling natural enzymes of alcohol oxidase (AOx) and aldehyde
dehydrogenase (ALDH) in the cavity of a mesoporous metal organic framework (mMOF) nanozyme with intrinsic
catalase (CAT)-like activity. By conducting confined AOx/CAT/ALDH cascade reactions, AA@mMOF enables self-
accelerated alcohol degradation (>0.5 mgmL™"-h™') with negligible aldehyde diffusion and accumulation,
reprogramming alcohol metabolism and allowing high-efficiency detoxification. Administered to high-dose
alcohol-intoxicated mice, AA@mMOF shows surprising liver targeting and accumulation performance and
dramatically reduces blood alcohol concentration and rapidly reverses unconsciousness and acute liver injury to
afford targeted alcoholism treatment. Moreover, AA@mMOF dramatically alleviates fat accumulation and oxidative
stress in the liver of chronic alcoholism mice to block and reverse the progression of ALI By conducting confined
AOx/CAT/ALDH cascade reactions for high-efficiency alcohol metabolism reprogramming, AA@mMOF
nanoreactor offers a powerful modality for targeted alcohol detoxification and ALI management. The proposed
confined cascade metabolic reprogramming strategy provides a paradigm shift for the treatment of metabolic
diseases.

KEYWORDS: alcoholism, alcoholic liver injury, confined cascade catalysis, metabolic reprogramming, nanozymes

INTRODUCTION

Received: December §, 2022
L Accepted: April 12, 2023
of gastrointestinal and hepatic disorders.”” In particular, Published: April 14, 2023

Alcoholism is a serious health risk factor that leads to a range

alcoholic liver injury (ALI) including fibrosis, hepatitis,

cirrhosis, and hepatic carcinoma accounts for nearly 6% of

all death globally and has been recognized as a worldwide
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Figure 1. Schematic illustration of the design of confined cascade metabolic reprogramming nanoreactor for targeted alcohol detoxification
and ALI management. (a) Alcohol metabolism pathway in hepatocytes. (b) Reprogramming of alcohol metabolism in AA@mMOF
nanoreactor via confined cascade AOx/CAT/ALDH reaction. (c) AA@mMOF nanoreactor for in vivo alcohol detoxification and ALI

management.

heath priority by the World Health Organization (WHO).>~>
Alcohol detoxification is a prerequisite and critical for the
management of ALL Current treatments extensively used in
clinical practice for alcohol intoxication including gastro-
intestinal mucosa protection, gastric lavage, and hemodialysis
are primarily supportive and have a minor detoxification effect
due to their inability to directly metabolize alcohol.”” The
metabolism of alcohol in vivo mainly relies on cytosolic alcohol
dehydrogenase (ADH) and mitochondrial aldehyde dehydro-
genase (ALDH) in hepatocytes (Figure la).”” The ADH/
ALDH system synergistically degrades alcohol into acetate via
consecutive reactions and achieves effective alcohol metabo-
lism. However, the expression of ADH and ALDH is relatively
insufficient especially in Asian populations to degrade excess
alcohol in alcoholism.'® In addition, the ADH/ALDH cascade
reaction consumes a substantial amount of energy metabolism
cofactor of nicotinamide adenine dinucleotide (NADY),
disrupting cellular energy homeostasis to result in cellular
damage and senescence.’' What’s more, the spatially separated
cytosolic ADH/mitochondrial ALDH metabolic system easily
causes the diffusion of a toxic intermediate of aldehyde,
inducing oxidative stress that causes structural and functional
damage of the liver.'* Moreover, alcohol metabolism is affected
and reduced by other types of dependence such as illicit drugs,
junk food, and smoking, due to enzymatic interference and
their pharmacokinetic interactions with alcohol occurring in
the liver, exacerbating the progression of ALL'"> To address
these issues, confined catalytic systems with alcohol metabolic
reprogramming capability are highly desired.

The microsomal ethanol oxidizing system (MEOS) can
catalyze the oxidation of alcohol into aldehyde via alcohol
oxidase (AOx) without the consumption of NAD*,"* and the
generated aldehyde is then decomposed into acetate by ALDH,
offering an alternative pathway for alcohol metabolism.
However, MEOS is normally disabled in vivo due to the
production of toxic byproduct of H,O, as well as the
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requirement of high O, supply in AOx-dependent alcohol
oxidation, and only becomes active when the body is exposed
to a lethal dose of alcohol.'>'® By assembling enzymes with
complementary functions to form multienzyme architectures,
nature ingeniously solves the issue of toxic intermediates via
confined cascade catalysis, in which toxic metabolic inter-
mediates generated by one enzyme can be promptly eliminated
by colocalized complementary enzyme.'”'® Catalase (CAT)
enables the decomposition of H,0O, into O,, having the
capability to simultaneously solve the problem of toxic H,O,
accumulation and O, supply in the process of AOx-based
alcohol degradation."” " It is conceivable that the con-
struction of confined AOx/CAT/ALDH cascade system would
afford an opportunity for alcohol metabolic reprogramming to
tackle alcoholism. Metal organic frameworks (MOFs), a class
of porous materials synthesized by metal-containing nodes and
organic linkers, are emerging as a reliable carrier for enzymatic
cascade systems,””~>* because their porous cavity can protect
enzymes from structural degradation/deactivation and ensure
higher loading and easy mobility of substrates to achieve
efficient catalytic effect. In addition, the presence of metal-
containing nodes contributes potential active sites for catalysis,
thus endowing MOFs with intrinsic enzyme-like activity.”*
More importantly, MOFs can be easily captured by the
reticuloendothelial system (RES), possessing an innate liver-
targeting capability.”””® Therefore, we hypothesize that by
employing MOFs as both CAT mimic and carrier of natural
enzymes of AOx and ALDH to catalyze confined AOx/CAT/
ALDH cascade reactions, a robust strategy for targeted alcohol
metabolic reprogramming could be developed.

Herein, we report a confined cascade metabolic reprogram-
ming nanoreactor for targeted alcohol detoxification and ALI
management (Figure 1b). This nanoreactor (termed AA@
mMOF) is fabricated by incorporating mesoporous Fe-
containing MIL-101 MOF (mMOF) with natural enzymes of
AOx and ALDH and then encapsulating it with polyethylene
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Figure 2. Characterization of AA@mMOF nanoreactor. (a) Schematic illustration of AA@mMOF preparation. (b) Representative TEM
images of MOF, mMOF, and AA@mMOF. (c) Pore size distribution of MOF and mMOF. (d) FTIR spectra of mMOF, AOx, ALDH, and
AA@mMOF. (e) ¢ potentials of MOF, mMOF, and AA@mMOF. (f) Schematic illustration of the FRET between AOx-FITC and ALDH-
TRITC in AA@mMOF (top), and the fluorescence spectra of the mixture of AOx-FITC and ALDH-TRITC as well as the corresponding
AA@mMOF under 450 nm excitation (down). (g) Confocal fluorescence microscopy images of AA@mMOF under 488 nm excitation to
demonstrate the colocalization of AOx-FITC and ALDH-TRITC. (h) Variation curve of AOx activity of AA@mMOF with treatment time of
protease. (i) Hydrodynamic diameters of AA@mMOF in PBS buffer (0.01 M, pH7.4) during 1 week of storage. (j) Viability of the human
umbilical vein cells (EA.hy926), mouse mononuclear macrophages (J774), and mouse normal liver cells (AML12) after incubation with
AA@mMOF at various concentrations for 24 h, respectively. In (e) and (h—j), the values of { potential, AOx activity, hydrodynamic
diameter, and cell viability represent the mean of three independent experiments, and the error bars indicate the standard deviation (SD)
from the mean.
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Figure 3. Alcohol metabolism pathway in AA@mMOF nanoreactor. (a) Schematic illustration of confined cascade AOx/CAT/ALDH
reaction in AA@mMOF for alcohol metabolism. The curve of alcohol degradation (b), aldehyde accumulation (c), H,0, elimination (d),
and O, generation (e) in alcohol solution (1 mg/mL) incubated with AA@mMOF for 2 h. The groups of PBS and separated catalytic system
were used as the control, and small amounts of NAD" (100 pg/mL) were added in all groups. In (b—e), the concentration values of ethanol,
aldehyde, H,0,, and O, represent the mean of three independent experiments, and the error bars indicate the SD from the mean. ***P <

0.001.

glycol (PEG) shell. The mesoporous structure (porous size
around 6 nm) of mMOF provides an abundant immobilization
site and sufficient protection for AOx and ALDH to allow
efficient oxidative degradation of alcohol without excessive
consumption of NAD" and forms confined reaction environ-
ments to significantly enhance the local concentration of
substrates and overall catalysis efliciency. Meanwhile, Fe-
containing nodes of mMOF bestow the AA@mMOF with
CAT-like activity to eliminate the toxic H,O, byproduct
generated in AOx-based alcohol oxidation and produce O, to
turn waste into wealth,” realizing high-efficiency alcohol
metabolic reprogramming via AOx/CAT/ALDH cascade
reactions. Moreover, the confined architecture of liver-targeted
AA@mMOF minimizes the diffusion of harmful intermediates
of aldehyde (the leading culprit of ALI) and allows it to be
promptly degraded by the proximate ALDH,’>" significantly
reducing the occurrence and progression of ALI. By
ingeniously reprogramming alcohol’s metabolism via confined
cascade catalysis, the AA@mMOF nanoreactor may offer a
powerful paradigm for clinical alcohol detoxification and ALI
management (Figure 1lc). Compared to current clinical
alcoholism antidotes that are mostly supportive and unable
to metabolize alcohol directly, the proposed confined cascade
metabolic reprogramming strategy provides a paradigm shift
for high-efficiency management of alcoholism-associated
serious diseases.

RESULTS AND DISCUSSION

Preparation and Characterization of AA@mMOF
Nanoreactor. In typical experiments, the Fe-containing
MIL-101 MOF was first synthesized using a solvothermal
method followed by acid etching to yield mMOF with
mesoporous structure,””>* and the AA@mMOF nanoreactor
was then prepared by sequential AOx/ALDH covalent loading
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and PEG modification (Figure S1 and Figure 2a).** The
transmission electron microscopy (TEM) images showed that
the prepared MOF had a well-defined octahedral structure
with an average size of 197 nm, and its pore size was found to
be broadened from micropore (less than 2 nm) to mesoporous
(around 6 nm) after acid etching based on the N, adsorption—
desorption experiments (Figure 2b,c and Figure S2). In
addition, similar X-ray powder diffraction (XRD) patterns were
observed for MOF before and after etching (Figure S3). This
phenomenon indicated that acid etching is a feasible method
to significantly increase the pore size of MOF for subsequent
enzyme loading without damaging the basic crystal structure.
The covalent loading of AOx/ALDH could be confirmed by
the Fourier transform infrared (FTIR) spectrum of AA@
mMOF in which the characteristic peak of AOx was clearly
found (Figure 2d). The loading amount of AOx/ALDH (426.1
+ 35 pug of AOx/ALDH per mg of mMOF) was quantitatively
determined by bicinchoninic acid (BCA) assay (Figure S4).%
Moreover, the whole preparation process of AA@mMOF
could also be monitored and confirmed by the reversed {
potential and increased hydrodynamic size results (Figure 2e
and Figure S5).

The confined architecture of MOF spatially locates the AOx
and ALDH within close proximity. To confirm this, Forster
resonance energy transfer (FRET) assay was carried out using
fluorescein isothiocyanate (FITC)-labeled AOx (AOx-FITC)
and tetramethylrhodamine B (TRITC)-labeled ALDH
(ALDH-TRITC) as the constituent enzymes. Figure 2f showed
the fluorescence spectra of a mixture of the two constituent
enzymes (AOx-FITC+ALDH-TRITC, equal molar ratio) as
well as the corresponding AA@mMOF. Because FITC and
TRITC have excitation maxima at 490 and 550 nm,36
respectively, the mixture of AOx-FITC and ALDH-TRITC
only exhibited FITC emission centered at 520 nm when under
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Figure 4. In vitro alcohol detoxification performance of AA@mMOF nanoreactor. (a) Representative overlapping CLSM images and
corresponding fluorescence intensities of AML12 cells incubated with AA@mMOF at various time points. The group of 0 h was used as the
positive control. (b) Schematic illustration and experimental data (SOD activity, GSH and MDA concentration) of intracellular oxidative
stress assessment of alcohol-stimulated AML12 hepatocytes in different treatment groups. (c) Viability of alcohol-stimulated AML12, J774,
and EA.hy926 cells in different treatment groups, respectively. In (b) and (c), the group of PBS treatment was used as the positive control,
and the group of normal cells without alcohol stimulation was used as the negative control. In (a—c), the values of fluorescence intensity,
SOD activity, GSH and MDA concentration, and cell viability represent the mean of three independent experiments, and the error bars
indicate the SD from the mean. # indicates the contrast between experimental group and positive control. P < 0.05, #/#%Pp < 0,01, ##/##ip

< 0.001, and ™*P > 0.0S.

450 nm excitation. In sharp contrast, AA@mMOF possessed
intense emissions from both FITC and TRITC (centered at
520 and 620 nm, respectively) under 450 nm excitation,
demonstrating the occurrence of FRET from FITC to TRITC
and confirming the short distance (<10 nm) between AOx and
ALDH (Figure 2f).”” The corresponding confocal fluorescence
microscope images showed a consistent phenomenon in which
colocalization of green (FITC) and red (TRITC) fluorescence
was only observed in AA@mMOF under 488 nm laser
excitation, further proving the close association of AOx and
ALDH in nanoreactor (Figure 2g and Figure S6). The loading
amount of AOx and ALDH in nanoreactor was calculated to be
119.70 + 9.77 ug and 330.37 + 10.26 ug per mg of mMOF,
respectively, based on the standard fluorescence intensity
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curves of AOx-FITC and ALDH-TRITC (Figure S7). In
addition, AA@mMOF was found to possess extremely low
release rate of enzymes over time and retain much higher
enzymatic activity under different adverse environmental
influences (protease, weak acid, and heat) compared to natural
enzymes, indicating the covalent binding of enzymes and
strong protective effect of MOF on the loaded enzymes
(Figure 2h, Figures S8 and S9). Furthermore, the prepared
AA@mMOF were demonstrated to exhibit long-time size
stability and outstanding biocompatibility based on the results
of dynamic light scattering measurement, CCK-8 assay and
hemolysis test (Figure 2i,j and Figure S10). This excellent size
stability and biocompatibility may be attributed to the PEG
modification on the surface of AA@mMOEF.>® As an effective
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antioxidant, the MIL-101 MOF exhibits intrinsic CAT-like
activity due to existence of Fe** node.””*” X-ray photoelectron
spectroscopy (XPS) analysis identified the presence of Fe®* in
AA@mMOF, heralding the potential CAT-like capability of
nanoreactor to turn the toxic H,0, waste into valuable O,
(Figure S11).

Alcohol Metabolism Pathway in AA@mMOF Nano-
reactor. The close association of AOx and ALDH in AA@
mMOF with CAT-like activity forms a three-step catalytic
system for alcohol metabolism via confined AOx/CAT/ALDH
cascade reaction (Figure 3a). First, the loaded AOx catalyzes
the oxidation of alcohol into aldehyde accompanied by the
generation of H,O, byproduct without the consumption of
NAD" cofactor (step 1). The toxic aldehyde intermediates are
then promptly converted into acetic acid by the colocalized
ALDH to avoid the oxidative stress damage caused by
aldehyde diffusion (step 2). Meanwhile, the nocuous H,O,
byproduct can be rapidly eliminated by the intrinsic CAT-like
activity of mMOF, and vast amounts of oxygen are also
produced in this process which in turn accelerates AOx
catalysis process and creates a virtuous cycle for alcohol
metabolism (step 3). The optimal pH values for AOx, ALDH
and CAT-like activity of mMOF were all found to be around
7.5, which matches the pH of the extracellular environment in
mice and is conducive to the degradation of alcohol (Figure
§12).*° To verify the aforementioned alcohol metabolism
pathway in nanoreactor, an alcohol solution that meet the
criteria for drunk driving (1 mg/mL) was mixed with AA@
mMOF,*" and its metabolism process was analyzed by
monitoring the degradation of alcohol, the accumulation of
aldehyde, the elimination of H,0O,, and the generation of O, in
real time. As shown in Figure 3b, AA@mMOF nanoreactor
catalyzed the conversion of more than 80% of alcohol in 2 h,
possessing outstanding alcohol degradation capability. In
addition, similar alcohol degradation curves were observed in
AA@mMOF and the separated catalytic system (AOx +
ALDH + mMOF), indicating that the covalent loading of AOx
in nanoreactor has negligible effect on its catalytic efficiency.
Moreover, much lower accumulation rate of the aldehyde
intermediate was obtained in AA@mMOF within 2 h
compared to the separated catalytic system, demonstrating
significantly enhanced AOx/ALDH reaction efficiency in the
confined architecture of nanoreactor (Figure 3c and Figure
S13). Furthermore, AA@mMOF realized enhanced elimina-
tion of H,0, byproduct and generation of O, via confined
AOx/CAT reaction, simultaneously solving the issues of toxic
H,0, accumulation and O, consumption occurred in AOx-
based alcohol degradation (Figure 3d,e). The confirmed
performance of fast alcohol degradation and inhibited aldehyde
accumulation as well as the enhanced H,0, elimination and
massive O, production demonstrate the feasibility of AA@
mMOF nanoreactor for alcohol metabolism reprogramming,

In Vitro Alcohol Detoxification. The robust alcohol
metabolic reprogramming capability of AA@mMOF nano-
reactor makes it a promising antidote for alcohol intoxication.
Considering that hepatocytes are the primary site of alcohol
metabolism,”” the AA@mMOF nanoreactor was incubated
with alpha mouse liver 12 (AML12) hepatocytes, and its cell
uptake and the performance for in vitro alcohol detoxification
were investigated. Figure 4a showed the confocal laser
scanning microscopy (CLSM) images and corresponding
fluorescence intensities of AML12 cells incubated with AA@
mMOF at various time points. It was found that the
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fluorescence of AA@mMOF (coming from loaded AOx-
FITC) in AMLI2 cells was obvious after 4 h incubation and
continued to increase with the extension of incubation time,
demonstrating wonderful hepatocyte uptake efliciency. Sub-
sequently, the cellular uptake mechanism of AA@mMOF was
investigated in the presence of different inhibitors. Herein, the
inhibitors of cytochalasin D, chlorpromazine (CPZ), methyl-$-
cyclodextrin (M--CD) and ethylisopropyl amiloride (EIPA)
were employed to inhibit the process of phagocytosis, clathrin-
mediated endocytosis (CME), caveolae-mediated endocytosis
(CvME) and micropinocytosis, respectively. As shown in
Figures S14 and SIS, the intracellular fluorescence intensity
(coming from loaded AOx-FITC) and Fe content were
significantly reduced in AML 12 cells treated with M-f-CD
and EIPA compared to that treated with cytochalasin D and
CPZ. This phenomenon demonstrated that AA@mMOF
enters the liver cell mainly through CvME and micro-
pinocytosis rather than CME and phagocytosis. Moreover,
the intracellular localization of AA@mMOF was analyzed
based on a colocalization assay of nanoreactor and endosome/
lysosome. From Figure S16, it was found that only a portion of
AA@mMOF (with red fluorescence coming from loaded
ALDH-TRITC) was colocalized with endosome/lysosome
(labeled by LysoTracker green), indicating that the nano-
reactors were distributed in both lysosomes and cytoplasm.
This intracellular distribution makes AA@mMOF less
susceptible to lysosomal degradation and allows efficient use
of the high concentration of NAD" in the cytoplasm to achieve
high-efficiency intracellular alcohol degradation.

To perform intracellular alcohol detoxification experiment,
alcohol-stimulated AML12 cells were treated by AA@mMOF,
and intracellular oxidative stress status was examined. As
shown in Figure 4b and Figure S17, compared to normal
AMLI12 cells, significantly reduced antioxidant capacity
characterized by decreased superoxide dismutase (SOD)
activity and glutathione (GSH) concentration™ and greatly
enhanced oxidative damage of biomacromolecules reflected by
increased generation of malondialdehyde (MDA) and 8-
hydroxydeoxyguanosine (8-OHdG)*** were observed in
alcohol-stimulated AML12 cells in the treatment group of
PBS (control), indicating the occurrence of serious intra-
cellular oxidative stress. In sharp contrast, improved intra-
cellular SOD activity and GSH concentration as well as
decreased MDA and 8-OHdG generation were obtained in the
treatment group of AA@mMOF, confirming the outstanding
intracellular oxidative stress relieving capability of nanoreactor.
In addition, the treatment group of AA@mMOF plus NAD*
was found to exhibit a relatively stronger oxidative stress
relieving performance than AA@mMOF, which is probably
related to the enhanced ALDH catalytic efficiency of
nanoreactor in the condition of high NAD" concentration
(the sum of intracellular and exogenous addition).*® The
alleviated level of intracellular oxidative stress will inevitably
improve the survival of hepatocytes.”” As shown in Figure 4c,
compared to the control group (PBS treatment), much higher
cell viability of alcohol-stimulated AML12 hepatocytes was
obtained after nanoreactor treatment especially in the group of
AA@mMOF plus NAD* (around 85%). In addition to
hepatocytes, AA@mMOF also vastly improved the survival
of alcohol-stimulated mouse mononuclear macrophages (J774)
and human umbilical vein cells (EA.hy926), exhibiting broad-
spectrum intracellular alcohol detoxification capability inde-
pendent of cell types (Figure 4c).
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Figure S. In vivo performance of AA@mMOF nanoreactor for acute alcoholism treatment in C57BL/6] mice. (a) Schematic illustration and
experimental timeline of AA@mMOTF for in vivo treatment of acute alcoholism. (b) The change curves of blood concentrations of alcohol
and aldehyde in different treatment groups. (c) Ex vivo tissue fluorescence images of intoxicated mice intravenously injected with AA@
mMOF at different time points postgavage to indicate the distribution of nanoreactor in vivo. The fluorescence comes from the ALDH-
TRITC loaded in nanoreactor. (d) The righting reflex test and corresponding quantitative sleep time data of the intoxicated mice treated by
PBS and AA@mMOF plus NAD*, respectively. (e) Representative H&E staining images of the liver of intoxicated mice in different treatment
groups at 9 h postgavage. (f) Plasma ALT level, liver SOD activity, and liver MDA concentration of intoxicated mice in different treatment
groups at 9 h postgavage. In (b), (d), (e), and (f), the treatment group of PBS was used as the positive control, while the group of normal
healthy mice was used as the negative control. In (b), (d), and (f), the values of blood alcohol/aldehyde concentration, sleep time, plasma
ALT concentration, and liver SOD activity and MDA concentration represent the mean of eight independent experiments, and the error bars
indicate the SD from the mean. # indicates the contrast between experimental group and positive control. *P < 0.05, #P < 0.01, ##/*#+p <
0.001, P > 0.0S.

In Vivo Treatment of Acute Alcoholism. By rapidly intoxicated mice were both significantly reduced in the
degrading alcohol and reducing intracellular oxidative stress, treatment group of AA@mMOF compared to control (PBS),
the AA@mMOF nanoreactor provides an effective tool for in demonstrating that in vivo alcohol metabolism was greatly
vivo alcoholism treatment. To confirm this, a mouse model of enhanced by the nanoreactor via faster alcohol degradation and
acute alcoholism was constructed.”® AA@mMOF was then aldehyde elimination. In addition, the performance of the
intravenously injected into the intoxicated mice, and its nanoreactor for blood aldehyde elimination was further
therapeutic performance for alcoholism was evaluated based improved by exogenous addition of NAD" due to enhanced
on alcohol metabolism analysis, righting reflex test, and live ALDH catalytic efficiency in the condition of high NAD*
injury investigation (Figure Sa and Figure S18a). Figure Sb and concentration (Figure Sb and Figure S18b). It should be
Figure S18b show the real-time change curves of blood alcohol emphasized that such excellent alcohol metabolism perform-
and aldehyde concentration within 8 h treatment. It was found ance of the nanoreactor is not only due to its architecture to

that blood concentrations of alcohol and aldehyde of perform confined AOx/CAT/ALDH cascade reactions but
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Figure 6. In vivo performance of AA@mMOF nanoreactor for ALl management in C57BL/6]J mice. (a) Schematic illustration and
experimental timeline of AA@mMOF for in vivo ALI management. Representative liver H&E and Oil Red O staining images (b), the
concentrations of plasma ALT and AST (c), and liver oxidative stress level characterized by SOD activity, and total concentrations of GSH,
MDA and triglyceride (d) of ALI mice in different treatment groups. The group of PBS and no binge was used as the positive and negative
control, respectively. In (c) and (d), the values of plasma ALT and AST concentration, SOD activity, the concentration of GSH, MDA and
triglyceride represent the mean of eight independent experiments, and the error bars indicate the SD from the mean. # indicates the contrast
between experimental group and negative control. #*P < 0.05, #/#%p < 0.01, #¥P < 0.001, “P > 0.05.

also may be closely related to its innate liver-targeting
capability in vivo."” The slow blood flow rate in the hepatic
sinusoids (about half of the blood flow rate of capillaries) will
theoretically prolong the residence time of AA@mMOF in the
liver and increase the contact between liver cells and
nanoreactors.”’ Meanwhile, the larger particle size of AA@
mMOF will make it easier to be trapped by the Kupfer cells in
the hepatic blood sinusoids, allowing superior in vivo liver
targeting.”' As shown in Figure 5c and Figure S19, AA@
mMOF was efficiently taken up by hepatocytes and Kupfer
cells and exhibited superior in vivo liver targeting and long-
term resident properties, which means that the nanoreactor
can be rapidly transported to the liver where it collaborates
with existing ADH/ALDH system to achieve synergistic
alcohol metabolism.

Subsequently, the righting reflex test, a gold standard for
assessing arousal level in rodents with a range of neurological
disorders,” was employed to investigate the recovery of
consciousness of intoxicated mice after treatment. As shown in
Videos S1 and S2, Figure 5d and Figure S18d, the intoxicated
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mice treated by AA@mMOF plus NAD" regained conscious-
ness quickly, and showed much shorter sleep time (93 min vs
154 min in C57BL/6]J mice, and 80 min vs 140 min in Balb/c
mice) than the control (PBS treatment), showing a surprising
ability to recover from alcohol intoxication. In addition to
unconsciousness, live injury is the most common adverse effect
of alcoholism.>® Therefore, a systematic analysis for the live
injury of intoxicated mice after treatment was further
conducted. H&E staining images of liver tissues taken from
the intoxicated mice at 9 h postgavage showed that the
formation of lipid droplets (red arrows) was significantly
inhibited in the treatment groups of AA@mMOF and AA@
MOF plus NAD* compared to control (PBS), indicating
mitigated histopathological damage of liver after nanoreactor
treatment (Figure Se and Figure S18e). In addition, intoxicated
mice after AA@mMOF treatment possessed much lower blood
concentrations of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) than the control group,
demonstrating relatively mild liver function impairment
(Figure Sf, Figures S18f, S20, and S21). Moreover, the level
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of liver oxidative stress of intoxicated mice was greatly relieved
after nanoreactor treatment based on the results of SOD
activity evaluation and GSH/MDA/8-OHdG measurement
(Figure Sf, Figures S18f S22, and S23). These multidimen-
sional experimental results of alcohol metabolism analysis,
righting reflex test, and live injury investigation described
above strongly prove the feasibility of AA@mMOF nano-
reactor for in vivo acute alcoholism treatment to prevent the
occurrence of ALL

In Vivo ALI Management. Compared to acute alcoholism,
ALI caused by chronic alcohol consumption is a more serious
health problem.’* Based on the capabilities of alcohol
metabolic reprogramming and liver-targeting confirmed
above, the AA@mMOF nanoreactor is presumed to possess
capability for ALI management. To prove this, a long-term
alcohol-fed mouse model (chronic binge drinking), which is
more in line with daily human drinking habits and can induce
acute-on-chronic liver injury similar to human ALI, was
established.”> AA@mMOF was intravenously injected into
the ALI mice after binge drinking, and its therapeutic effect for
liver injury was systematically investigated (Figure 6a and
Figure S24a). H&E and Oil Red O staining were first
performed to show the histological changes of liver tissue of
ALI mice in different groups. As shown in Figure 6b and
Figure S24b, inflammation and a certain number of lipid
droplets (red arrows in H&E staining, and black arrows in Oil
Red O staining) were clearly found in the group of no binge
compared to the normal healthy mice, indicating chronic liver
damage after long-term alcohol drinking. In addition, the
number of lipid droplets dramatically increased in the group of
PBS compared to that of no binge, demonstrating the massive
accumulation of fat as well as fatty liver formation and
indicating the successful construction of mouse model of ALL
Moreover, the inflammation and fat accumulation of liver in
ALI mice was greatly alleviated after nanoreactor treatment
(AA@mMOF, and AA@mMOF + NAD"), and there was no
significant difference in inflammation and lipid droplets
number between the group of no binge and the two treatment
groups of nanoreactor, demonstrating potential ability to block
and reverse the progression of ALL In addition to histological
results of H&E and Oil Red O staining, plasma transaminase
concentration and liver oxidative stress level of ALI mice were
further analyzed to evaluate the performance of nanoreactor
for ALI management. As shown in Figure 6¢ and Figure S24c,
after nanoreactor treatment (AA@mMOF, and AA@mMOF +
NAD"), the elevated plasma ALT and ALT concentration of
ALI mice was rapidly reduced to a similar level as that of no
binge group compared to the control (PBS), indicating gradual
recovery of liver function from ALIL In addition, enhanced
SOD activity and GSH concentration as well as reduced MDA,
8-OHdG and triglyceride concentration were observed in the
groups of no binge and nanoreactor treatment, demonstrating
that liver oxidative stress of ALI mice was efficiently relieved
after nanoreactor treatment (Figure 6d, Figures S24d and
S25). By effectively reducing fat accumulation and oxidative
stress level to restore the function of damaged liver, AA@
mMOF nanoreactor shows great promise for in vivo ALI
management.

Biocompatibility Investigation of AA@mMOF Nano-
reactor. The potential biotoxicity of nanomaterials is a major
problem limiting their clinical application.*® By considering the
good biocompatibility of the components of MOF and the
negligible immunogenicity of enzymes of AOx and ALDH
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(Figure $26),”"°* our AA@mMOF nanoreactor has predict-
able biosafety in vitro and in vivo. Based on CCK-8 assay and
hemolytic analysis, a super high viability of a variety of cell
lines including human umbilical vein cells (EA.hy926), mouse
mononuclear macrophages (J774) and mouse normal liver
cells (AML12) as well as no obvious hemolysis of red blood
cells (RBCs) were observed after incubation with AA@mMOF
at high concentration (250 ug/mL of mMOF), confirming the
excellent in vitro biocompatibility of nanoreactor (Figure 2j
and Figure S10). To evaluate the biosafety effect of
nanoreactor in vivo, healthy mice were intravenously injected
with AA@mMOF, and in vivo pharmacokinetics and tissue
distribution of nanoreactor as well as blood transaminase
levels, organ histopathological analysis and blood biochemical
assay were carried out. As shown in Figure S27, AA@mMOF
exhibited a short blood halflife (%, 3.69 + 0.67 h),
demonstrating that the nanoreactor could be rapidly cleared
from the blood after intravenous injection without causing
blockage of blood vessels. The biodistribution of AA@mMOF
in major organs of mice intravenously injected with nano-
reactor at different time points postinjection was performed. It
was clearly found that AA@mMOF had a super high
accumulation in the liver, and this accumulation gradually
decreased over time, possessing a typical liver-based metabolic
pathway (Figures S28, $29, and $30).>” The amount of AA@
mMOF in the liver dropped to a relatively lower level on the
seventh day of nanoreactor postinjection, indicating that most
of accumulated nanoreactors had been metabolized to avoid
long-term toxicity. In addition, plasma transaminase (ALT and
AST) levels of mice intravenously injected with AA@mMOF
returned to normal quickly, indicating that the liver function of
mice was not affected by the accumulation and metabolism of
nanoreactor (Figures S31 and S32). Furthermore, in vivo
systemic toxicity of AA@mMOF was investigated. From the
organ H&E staining images, no lesions and inflammation were
found in the main organs of the mice injected with different
concentrations of nanoreactor compared to the normal healthy
mice without nanoreactor injection (control), indicating the
negligible histopathological damage of main organs under
nanoreactor administration (Figures S33 and S34). Moreover,
there was no obvious difference in blood biochemical
indicators measured between the mice injected with different
concentrations of nanoreactor and the control, indicating the
negligible systemic toxicity and excellent biocompatibility of
nanoreactor in vivo (Figures S35 and $36). This confirmed in
vitro and in vivo biocompatibility of AA@mMOF nanoreactor
lays a solid foundation for its future clinical transformation.

CONCLUSIONS

In summary, by assembling natural enzymes of AOx and
ALDH in the porous cavity of MOFs with intrinsic CAT
activity, a metabolic reprogramming nanoreactor for targeted
alcohol detoxification and ALI management is developed. The
confined architecture of nanoreactor can operate high-
efficiency AOx/CAT/ALDH cascade reactions and reprogram
the metabolic pathway of alcohol. We demonstrate that the
nanoreactor can enable self-accelerated alcohol degradation
without consumption of NAD* and negligible aldehyde
accumulation in vitro, realizing robust alcohol metabolic
reprogramming and significantly reducing the level of intra-
cellular oxidative stress of hepatocytes. Moreover, the nano-
reactor shows superior in vivo liver targeting and resident
properties and can rapidly reverse unconsciousness and acute
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liver injury in intoxicated mice, showing great potential in
acute alcoholism treatment as an effective antidote. Addition-
ally, the nanoreactor dramatically alleviates fat accumulation
and oxidative stress in the liver of intoxicated mice with
chronic alcohol consumption, offering a powerful modality for
ALI management. The proposed confined cascade metabolic
reprogramming strategy provides a paradigm shift for tackling
metabolic disorders.

MATERIALS AND METHODS

Materials. Iron(III) chloride hexahydrate (FeCly;6H,0), 2-
aminoterephthalic acid (NH,-H,BDC), alcohol oxidase (AOx,
derived from Saccharomyces cerevisiae), aldehyde dehydrogenase
(ALDH, derived from Saccharomyces cerevisiac), NH,-PEG-COOH
(M,, = 3500 Da), 3-methyl-2-benzothiazolone hydrazine (MBTH),
tetramethyl rhodamine B isothiocyanate (TRITC), fluorescein
isothiocyanate (FITC), nicotinamide adenine dinucleotide (NAD"),
dimethyl sulfoxide (DMSO), hydrochloric acid, acetic acid,
glutaraldehyde (GA), dimethylformamide (DMF), anhydrous ethanol
and cell counting kit-8 (CCK-8) were purchased from Sigma-Aldrich.
Alcohol assay kit was obtained from Suzhou Keming Biotechnology
Co., Ltd. Hydrogen peroxide (H,0,) assay kit and malondialdehyde
(MDA) assay kit were obtained from Beyotime Biotechnology.
Bicinchoninic acid (BCA) protein assay kit, triglyceride (TG) assay
kit, superoxide dismutase (SOD) assay kit, and glutathione (GSH)
assay kit were obtained from Nanjing Jiancheng Bioengineering
Research Institute. Human umbilical vein cell fusion cells (EA-hy926),
mouse mononuclear macrophages (J774), and mouse normal liver
cells (AML12) were purchased from American Type Culture
Collection (ATCC). All other chemicals were obtained from
Adamas-beta and used without further purification. Deionized (DI)
water (Millipore Milli-Q grade, 182 MQ) was used in all the
experiments.

Preparation of AA@mMOF Nanoreactors. MIL-101 MOF was
synthesized according to the previously reported hydrothermal
method.*” In brief, NH,-H,BDC (0.2 g) and FeCl,;-6H,0 (0.297 g)
were dispersed in 20 mL of DMF, then 5.5 mmol acetic acid was
added to the solution and sonicated for 15 min. Subsequently, the
mixed solution was transferred to a Teflon-lined autoclave and reacted
at 150 °C for 4 h. The MOF precipitate was collected by
centrifugation and dried under vacuum at 80 °C overnight. The
synthesized MOF powder (30 mg) was then dispersed in 10 mL of
DMF solution containing 100 umol/L of hydrochloric acid,
transferred to a Teflon-lined autoclave and reacted at 70 °C to
perform acid etching. After 30 min reaction, the mMOF precipitate
with mesoporous structure was collected by centrifugation. The as-
prepared mMOF (4 mg) dissolved in 2 mL of PBS was mixed with 80
UL of glutaraldehyde solution and was stirred for 6 h at room
temperature to prepare activated mMOF. For enzyme loading, AOx
(200 pg) and ALDH (600 ug) were mixed with 1 mL of the activated
mMOF solution (1 mg/mL) and stirred overnight under ice bath
conditions. Finally, 3.5 mg of NH,-PEG-COOH was added into the
mixed solution and stirred overnight to prepare AA@mMOF
nanoreactors. After centrifugation, the AA@mMOF nanoreactors
were collected and stored in PBS for further characterization.

Preparation of Fluorescent AA@mMOF Nanoreactor. The
FITC-labeled AOx (AOx-FITC) and TRITC-labeled ALDH (ALDH-
TRITC) were first synthesized according to the experimental
procedures previously reported.”” In brief, FITC and TRITC were
dissolved in anhydrous DMSO to obtain a stock solution at a
concentration of 10 mg/mL, respectively. Then 50 uL of FITC and
TRITC were added drop by drop to 2 mL of AOx and ALDH
solutions (10 mg/mL protein, pH 8.2, sodium carbonate buffer),
respectively. After overnight reaction at 4 °C, the labeled proteins
were dialyzed in a phosphate buffer (20 mM, pH = 7) and finally
concentrated and collected through ultrafiltration centrifuge. By using
the prepared AOx-FITC and ALDH-TRITC as the constituent
enzymes, the fluorescent AA@mMOF nanoreactor was obtained
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based on the same method employed in nonfluorescent nanoreactor
preparation described above.

FRET Assay of Fluorescent AA@mMOF Nanoreactor. To
demonstrate the close association of AOx and ALDH in the
fluorescent AA@mMOF nanoreactor, the fluorescence spectrum
and confocal fluorescence microscope image of AA@mMOF loaded
with AOx-FITC and ALDH-TRITC were recorded under the
excitation of 450 and 488 nm, respectively, to demonstrate the
occurrence of FRET between FITC and TRITC. The fluorescence
spectrum of the mixture of AOx-FITC + ALDH-TRITC (the ratio of
AOx-FITC to ALDH-TRITC was 1:3) under 450 nm excitation was
measured and used as the control.

AOx Activity Evaluation of AA@mMOF Nanoreactor. The
AOx activity of AA@mMOF under different adverse environmental
influences (protease K, weak acid with pH S.5, and heat with 37 °C
temperature) was evaluated by measuring the generation rate of
aldehyde in the presence of alcohol, based on the chromogenic
reaction between aldehyde and MBTH. In brief, AA@mMOF
solution (250 pg/mL of mMOF) treated by protease K, weak acid
with pH 5.5, and heat with 37 °C temperature was first reacted with
alcohol (0.1%, w/v) for S min at room temperature, respectively. The
reaction mixture was then incubated with MBTH (0.5%, w/v) for 15
min in the presence of ferric chloride to form a blue product with
absorbance around 600 nm, and the AOx activity of AA@mMOF
nanoreactor was determined by analyzing the formation of blue
product.

In Vitro biocompatibility assay. The biocompatibility of AA@
mMOF nanoreactors was determined by CCK-8 assay and
hematolysis test.’" In the CCK-8 assay, human umbilical vein cell
fusion cells (EA.hy926), mouse mononuclear macrophages (J774),
and mouse normal liver cells (AML12) were seeded onto 96-well
plate (8000—10,000 cells/well) and cultured overnight, respectively.
Subsequently, cells were incubated with AA@mMOF at different
concentrations (0, 50, 100, 150, 200, and 250 yg/mL of mMOF) for
24 h. CCK-8 reagent was finally added and cultured for another 2 h,
and cells’ viability was obtained by microplate reader.

In the hematolysis test, diluted red blood cells extracted from the
blood of healthy mice were incubated with different concentrations
(15.625, 31.25, 62.5, 125, and 250 ug/mL of mMOF) of AA@mMOF
nanoreactor for 4 h at 37 °C and centrifuged at 2000 rpm for 10 min.
Afterwards, the absorbance of the supernatant at 570 nm was
measured using a microplate reader. Red blood cells in DI water and
PBS were used as the positive and negative control, respectively.

Alcohol Metabolism in AA@mMOF Nanoreactor. To
investigate the alcohol metabolism in the AA@mMOF nanoreactor,
alcohol solution (1 mg/mL) was mixed with nanoreactor in the
presence of 100 ug/mL of NAD", and its metabolism process was
analyzed by monitoring the degradation of alcohol, the accumulation
of aldehyde, the elimination of H,0,, and the generation of O, in real
time. The degradation of alcohol was determined by the alcohol assay
kit, and the accumulation of aldehyde concentration was determined
by the chromogenic reaction between aldehyde and MBTH. The
elimination of H,0, was determined by the H,O, assay kit, and the
generation of oxygen was measured using a dissolved oxygen meter. In
above alcohol metabolism process, the groups of PBS, and the mixture
of AOx and ALDH were used as the controls.

In Vitro Alcohol Detoxification. Alcohol (50 mM)-stimulated
AMLI12 cells were incubated with AA@mMOF nanoreactor (with or
without 100 pg/mL of NAD") for 24 h. After incubation, AML12
cells were lysed, and the SOD activity and the concentrations of GSH
and MDA in the lysate were determined using the corresponding
detection kits to assess the intracellular oxidative stress of alcohol-
stimulated AML12 cells after nanoreactor treatment. In addition, the
viability of a variety of alcohol-stimulated cells including AMLI2,
J774, and EA.hy926 after 24 h incubation of AA@mMOF nanoreactor
(with or without 100 ug/mL of NAD") was detected based on CCK-8
assay. In above experiments, the groups of PBS and normal healthy
mice were used as the controls.

Establishment of Mouse Model of Acute Alcoholism. Female
Balb/c and male C57BL/6] mice (7 weeks) were purchased from
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Jinan Pengyue Experimental Animal Breeding Co., Ltd. and employed
to establish the mouse model of acute alcoholism. Compared to Balb/
¢ mice, CS7BL/6J mice were more preferable due to their lower
aversion to alcohol, and the sex of mice was fixed to exclude the effect
of sex on the performance of nanoreactor.®> All animal experiments
were conducted in accordance with the procedures approved by the
Experimental Animal Center of Shandong University. To establish the
model of acute alcoholism, mice fasted for 12 h and then were
administered large amounts of alcohol (6 mg/g body weight) via
gavage to trigger acute alcoholism.

In Vivo Treatment of Acute Alcoholism. The mice with acute
alcoholism were divided into three treatment groups including PBS
(positive control), AA@mMOF, and AA@mMOF plus NAD*, while
the group of normal healthy mice was used as the negative control.
Each treatment group contained 6—10 mice. To perform in vivo acute
alcoholism treatment, intoxicated mice (Female Balb/c and male
CS7BL/6]) were treated by intravenously injecting nanoreactor (12.5
mg/kg of mMOF) at the 0.25 h postgavage of alcohol through the tail
vein. The blood concentrations of alcohol and aldehyde of intoxicated
mice in different treatment groups were measured every 2 h within 8 h
treatment to analyze the metabolism of alcohol analysis. Meanwhile,
ex vivo organ fluorescence images of intoxicated mice were recorded
to study the in vivo distribution of nanoreactor. In addition, the
righting reflex test was employed to investigate the recovery of
consciousness of intoxicated mice after treatment. At 9 h postgavage
of alcohol, the intoxicated mice in all treatment groups were
sacrificed, and liver histological condition (H&E staining) as well as
plasma transaminase (ALT and AST) levels and liver oxidative
indicators (SOD activityy, MDA and GSH concentration) were
measured and analyzed to evaluate the performance of nanoreactor
for acute liver injury treatment.

In Vivo Management of ALI. To better mirror the human ALL a
long-term alcohol-fed mouse model (chronic binge drinking), which
is more in line with daily human drinking habits and can induce a liver
injury similar to human ALI, was established by employing the
method of National Institute on Alcohol Abuse and Alcoholism
(NIAAA) previously reported.” Briefly, female Balb/c and male
CS7BL/6] mice (7 weeks) were first acclimated to a liquid diet (a
nonalcoholic liquid diet with maltose as the main ingredient) for §
days and then fed an alcohol-containing liquid diet (5% alcohol,
chronic drinking) and a single high-dose of alcohol (6 mg/g body
weight, binge drinking) sequentially, to approximate acute-on-chronic
liver injury in ALI patients. For in vivo ALI management, the ALI mice
were treated with AA@mMOF (12.5 mg/kg of mMOF) at the 0.25 h
postgavage of high-dose of alcohol through the tail vein. Three
treatment groups including PBS, AA@mMOF, and AA@mMOF plus
NAD" were divided, while the groups of normal healthy mice and no
binge were used the controls. Each treatment group contained 6—10
mice. Nine h later, the ALI mice in all groups were sacrificed, and liver
histological condition (H&E and Oil Red O staining) as well as
plasma transaminase (ALT and AST) levels and liver oxidative
indicators (SOD activity, the concentrations of MDA, GSH and TG)
were measured and analyzed to evaluate the performance of
nanoreactor for ALI management.
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