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Abstract

Background and aims Previous studies have confirmed that alcohol can increase the sensitivity of the pancreas

to stressors and exacerbate the severity of pancreatitis when excessive alcohol intake is combined with other causes.
In the current work, this study attempted to explore how does alcohol regulate cerulein-induced acute pancreatitis,
especially before inflammation occurs.

Methods Proteomics was performed to analyze the differentially expressed proteins in pancreatic tissues from a rat
model of pancreatitis. The metabolite levels in the pancreatic tissue, serum of rats and serum of persons with a his-
tory of alcohol consumption were detected by LC-MS/MS. In the present study the impact of etomoxir (a carnitine
palmitoyl-transferase 1A-specific inhibitor) treatment on AR42J cells treated with alcohol and the effect of etomoxir
injection on the inflammatory response in an alcohol + cerulein-induced AAP rat model was evaluated.

Results When treated with the same amount of cerulein, the rats that ingested alcohol presented with more severe
pancreatitis. The proteomics results revealed that the fatty acid degradation pathway was closely related to the devel-
opment of alcoholic acute pancreatitis, and CPT1A exhibited the greatest increase (approximately twofold increase).
The products (acylcarnitines) of CPT1A were changed in the serum of persons with a history of alcohol consumption.
Etomoxir treatment mitigates the influence of alcohol stimulation on the aberrant expression of proteins associated
with oxidative stress, increased ROS production, mitochondrial ultrastructural alterations and mitochondrial dysfunc-
tion in AR42]J cells. Etomoxir injection reduced the inflammatory response in the AAP rat model.

Conclusion Alcohol upregulates CPTTA protein expression in pancreatic tissue, resulting in abnormal lipid metabo-
lism. The products of lipid metabolism, ROS, contribute to mitochondrial ultrastructural alterations and mitochondrial
dysfunction. These changes act as sentinel events that regulate acute pancreatitis.
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Introduction

The common contributing factors of acute pancrea-
titis (AP) are gallstones and alcohol consumption,
which account for approximately 40% and 30% of cases,
respectively [1]. Patients with a long history of alcohol
consumption tend to develop severe AP rather than
mild AP [2]. Compared with cerulein-induced AP, alco-
hol-pretreated AP leads to a more severe inflammatory
response. A previous study revealed that alcohol, along
with its metabolites, results in mutual contact between
lysosomal and digestive enzymes and exacerbates the
vulnerability of pancreatic organelles. Furthermore,
these alterations lead to premature intracellular acti-
vation of trypsinogen, and the gland is susceptible to
autodigestive injury and necroinflammation after being
exposed to triggering factors [3].

Growing evidence indicates that alcohol leads to
loss of mitochondrial membrane potential (MMP) and
eventually to adenosine triphosphate depletion, and in
this context, the exposed pancreas is prone to necro-
sis and pancreatitis [4]. This effect may be mediated
through oxidative alcohol metabolism, in which alcohol
dehydrogenase (ADH) oxidizes alcohol to acetaldehyde,
which is subsequently chemically converted to acetic
acid by aldehyde dehydrogenase isoenzyme 2 (ALDH?2),
which is located exclusively in the mitochondria. Shal-
bueva et al. reported that the loss of MMP is mediated
by mitochondrial permeability transition pore (MPTP)
activation resulting from oxidative alcohol metabolism
[4]. Notably, oxidative alcohol metabolism occurs pri-
marily in the liver. The pancreas metabolizes alcohol
primarily through fatty acid ethyl ester (FAEE) syn-
thase, which produces FAEEs and is involved in nonoxi-
dative alcohol metabolism [5, 6]. Both oxidative alcohol
metabolism and nonoxidative alcohol metabolism lead
to a decrease in NAD™, resulting in MMP depolariza-
tion. Interestingly, several studies have shown that
reactive oxygen species (ROS), intermediate products
of redox reactions in aerobic metabolism [7], induce
mitochondrial damage and loss of membrane potential,
resulting in mitochondrial dysfunction [8, 9]. However,
the relationship between alcohol consumption and ROS
production in the mitochondria of pancreatic tissue in
AAP has not been investigated.

In the present study, alcohol was hypothesized to dis-
order lipid metabolism and promote ROS production
in the mitochondria of pancreatic tissues, which act
as sentinel events to regulate acute pancreatitis. This
study provides initial evidence that the suppression of
lipid metabolism-induced ROS production has thera-
peutic effects on AAP through the alleviation of mito-
chondrial dysfunction.
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Materials and methods

Animals

Male Sprague—Dawley rats (200-250 g, purchased from
North Sichuan Medical College, Sichuan, China) were
maintained in a room at a temperature of 22+1 °C
with a light/dark cycle of 12 h. The rats were fasted for
24 h prior to the experiment but were allowed to drink
freely.

Induction of AAP and sample preparation

Commercially available liquid food (Lieber-DeCarli
[10], consisting of 36 kcal% alcohol calories; HD010;
Biotech Co. Ltd., Beijing, China) was fed to 6-week-
old rats (#=10) in the alcohol+ cerulein (HY-A0190,
MCE, NJ, USA)-treated group (experimental group 3)
and alcohol-treated group (experimental group 1) for
14 weeks to establish an alcohol-fed model as described
previously [11]. In the cerulein-treated group (experi-
mental group 2) and control group, 6-week-old rats
(n=10) were fed an isocaloric control diet for 14 weeks.
The cerulein-treated group (n=5) and the alco-
hol + cerulein-treated group (n=5) received 3 hypo-
dermics injections of cerulein (50 pg) or vehicle (0.9%
NaCl) per kilogram of body weight, hourly, according
to the previously study [12]. The animals were anesthe-
tized with isoflurane two hours after the last injection,
blood was harvested by cardiac puncture, and there-
after, the animals were euthanized. The supernatants
were collected after the samples were centrifuged and
then stored in a —80 °C freezer for subsequent analy-
sis. Pancreatic tissue was quickly separated from the
surrounding lymph nodes and adipose tissue for the
experiments, and islet tissue was also removed. A small
portion of pancreatic tissue was fixed in 4% formalin
for HE and immunofluorescence assays. The remain-
ing pancreatic tissue was stored in a — 80 °C freezer for
proteomics analysis.

Description of experimental group

Experimental group 1: alcohol-treated only to establish
an alcohol-fed model, not to induce acute pancreati-
tis; experimental group 2: treated with 3 hypodermics
injections of cerulein to induce acute pancreatitis;
experimental group 3: treated with alcohol-fed and 3
hypodermics injections of cerulein to induce alcoholic
acute pancreatitis.

Lipidomics analysis

Briefly, samples were first spiked with an appropriate
amount of internal lipid standards and then homog-
enized with 200 pL of water and 240 pL of methanol.
After that, 800 uL. of MTBE was added, and the mixture
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was ultrasonicated for 20 min at 4 °C, followed by incu-
bation for 30 min at room temperature. The solution
was centrifuged at 14,000xg for 15 min at 10 °C, and
the upper organic solvent layer was obtained and dried
under nitrogen. Reversed-phase chromatography was
selected for LC separation using a CSH C18 column
(1.7 pm, 2.1 mm X 100 mm, Waters). The lipid extracts
were redissolved in 200 pL of 90% isopropanol/acetoni-
trile and centrifuged at 14,000xg for 15 min. Finally,
3 uL of sample was injected. Solvent A was acetoni-
trile—water (6:4, v/v) with 0.1% formic acid and 0.1 mM
ammonium formate, and solvent B was acetoni-
trile—isopropanol (1:9, v/v) with 0.1% formic acid and
0.1 mM ammonium formate. The initial mobile phase
was 30% solvent B at a flow rate of 300 pL/min and, was
held for 2 min, then linearly increased to 100% solvent
B at 23 min, and maintained at 5% solvent B for 10 min.
Mass spectra were acquired by Q Exactive Plus in posi-
tive and negative mode, respectively.

ELISA

Serum levels of IL-1pB, TNFa, IL-8 and IL-6 were deter-
mined by ELISA kits according to the manufacturer’s
instructions (IL-1fB: D731007, Sangon Biotech Co., Ltd.,
Shanghai, China; TNFa: d731168, Sangon Biotech Co.,
Ltd., Shanghai, China; IL-8: SKER-0071, Beijing Solarbio
Science & Technology Co., Ltd.; IL-6: D731010, Sangon
Biotech Co., Ltd., Shanghai, China).

Cell experiments

The AR42], bought from ATCC, were cultured in RPMI-
1640 medium containing 10% FBS. Then, upon attaining
a 60% confluence, they were incubated under synchro-
nized conditions for 24 h before being grouped. Then, it
was incubated with the following parameters: 5% CO, at
37 °C, subsequently digested with 0.25% trypsin, and cul-
tured for 7 days. The cells were seeded in 25-cm? culture
flasks with density of 1105 cells/mL. Alcohol at various
concentrations (2.5, 5 and 10 ug/mL) was applied for 8 h
to stimulate the AR42]J cells.

Detection of amylase activity

Serum amylase activity was measured with an enzyme
colorimetric assay kit (Roche Diagnostics, Indianapolis,
IN). Amylase activity in the supernatant of cells and cul-
ture medium was determined by using an iodine—starch
colorimetric kit from Jiancheng Bioengineering Institute
(C016-1-1, Nanjing, China) following the manufacturer’s
instructions.

HE staining and scoring
Sections of paraffin-embedded tissues were sectioned
and stained with hematoxylin—eosin (HE). A minimum
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of 10 fields of view (entire sample area: 4 mm?) were
randomly chosen for each section and scored as follows:
O0=none, 1=mild (<10% of field of view), 2=moderate
(10%—50% of field of view), and 3 =severe (>50% of field
of view).

Determination of mitochondrial and total ROS
Mitochondrial and cellular ROS levels were determined
with the MitoSOX fluorescence probe (MCE, NJ, USA)
and the DCFH-DA fluorescence probe (MCE, NJ, USA),
respectively, through flow cytometry (FACS) in accord-
ance with the manufacturer’s instructions. The mean
fluorescence intensity (MFI) of PE-Texas Red-H was
quantified with Flow]o software.

MMP detection

The MMP was assessed via a JC-1 probe (Beyotime,
Shanghai, China, 2006) according to the manufacturer’s
instructions. In brief, PECs were stained utilizing a JC-1
probe and later assayed via FACS or Olympus laser con-
focal microscope imaging analysis. FlowJo software uti-
lizes the PE-H (MFI)/FITC-H (MFI) ratio to represent
alterations in the MMP for FACS analysis.

Inhibition of CPT1A activity in the rat model of AAP

In the alcohol+ cerulein + etomoxir-treated group and
alcohol + cerulein-treated group, 6-week-old rats (n=10)
were fed a commercially available liquid diet (Lieber-
DeCarli [10] with 36 kcal% alcohol calories; HD010; Bio-
tech Co. Ltd., Beijing, China) for 13 weeks. Beginning in
the 14th week, the alcohol + cerulein + etomoxir-treated
group (n=05) received intraperitoneal injections of vehi-
cle (0.9% NaCl) or etomoxir (CAS No. 124083-20-1, Med
Chem Express, NJ, USA) (with a body weight of 20 mg/
kg) for 7 d, according to the MCE official website [13].
Beginning in the 15th week, the alcohol + cerulein + eto-
moxir-treated group and alcohol + cerulein-treated group
(n=5) received 3 hypodermics injections of vehicle (0.9%
NaCl) or cerulein (50 pg) per kilogram of body weight,
hourly. The animals were anesthetized with isoflurane
two hours after the last injection, blood was harvested by
cardiac puncture, and thereafter, the animals were eutha-
nized. The specimens were preserved as described above.

Clinical data

The analysis was based on the metabolomics data of 40
participants (participants information is in Table 1):
20 persons with a history of alcohol consumption
(PHA) and without other diseases (including abnor-
mal liver function, severe alcoholism or adverse symp-
toms of acute pancreatitis) and 20 healthy individuals
with no drinking history. Acylcarnitines in serum sam-
ples were determined semiquantitatively by liquid
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Table 1 Participants information

PHA (n=20) Control (n=20) P value
Male (%) 19 (95%) 10 (50%) 0.000
Age (years) 46.87+11.35 5198+ 1640 0.028
Race (Han nationality) 20 20 -
Drinking level (g) 19+5.08 0 0.000

PHA persons with a history of alcohol consumption

chromatography—tandem mass spectrometry. Ethical
approval to perform this study was obtained from the
Institutional Review Board (IRB), and informed consent
was waived.

Statistical analysis

Differences between both groups of animals were exam-
ined with Student’s ¢ test. ANOVA was conducted, and
multiple comparisons were performed utilizing the LSD
test to assess the significance of differences between mul-
tiple groups of animals (IBM SPSS Statistics for Win-
dows, v.26, IBM Crop., Armonk, NY). Differences were
regarded as statistically significant when the P value was
less than 0.05.

*For details on the proteomics analysis, detection of
acylcarnitines in serum samples, detection of acylcarni-
tines, western blotting, immunofluorescence staining,
analysis of mitochondrial function [14], and examination
via electron microscopy, please see Materials and meth-
ods in Supplementary Information.

Results

Alcohol treatment aggravates cerulein-induced AP in rats
The serum amylase data for the four groups of model rats
showed that the serum amylase activity of the cerulein-
induced AP model rats and alcohol+ cerulein-induced
AAP model rats was evidently greater than that of the
control group rats, and alcohol treatment alone had no
significant effect on amylase activity (Fig. 1A). Histologi-
cal analysis revealed more severe damage to the pancreas
in the AAP model rats than in the AP model rats. How-
ever, alcohol treatment alone had little effect on the path-
ological score (Fig. 1B). The immunofluorescence results
showed increased infiltration of neutrophils (Ly6G- and
MPO-positive cells) in the pancreas of AAP model rats
compared to that in the pancreas of AP model rats, but
only alcohol-treated rats showed almost no neutrophil
infiltration (Fig. 1C). Significant evidence from a previous
study [15] has shown that TNFa acts in the pathogenesis
of AP. The serum TNFa level was markedly greater in
the AAP and AP model rats than in the control group. In
contrast to that in the AP model rats, the serum TNFa
level in the AAP model rats increased to a greater extent
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(Fig. 1D). The level of serum TNFa in the alcohol-treated
rats was almost the same as that in the control group. The
serum IL-8, IL-6 and IL-1P levels did not significantly
change among the four groups of rats. These data suggest
that alcohol pretreatment exacerbates cerulein-induced
AP in rats.

Alcohol treatment markedly enhances CPT1A expression

in rat pancreatic tissues

To investigate the molecular mechanisms by which alco-
hol exacerbates inflammation in AP rats, protein expres-
sion profiles were characterized in pancreatic tissue from
control rats, alcohol-treated rats, AP model rats, and
AAP model rats by performing quantitative proteomics
based on tandem mass tag (TMT) analysis. In the pre-
sent study, differentially expressed proteins (DEPs; fold
change>1.2 or <0.8; P<0.05) of organelle localization
were identified in pancreatic tissue from AAP model
rats versus AP model rats: 115 DEPs were located in
the nucleus, 101 DEPs were located in the extracellular
space, 84 DEPs were located in the cytoplasm, 73 DEPs
were located in mitochondria, 53 DEPs were located in
the plasma membrane and 10 DEPs were located in chlo-
roplasts. KEGG analysis revealed enrichment of proteins
related to the fatty acid degradation pathway (Fig. 2A).
Volcano plots revealed 242 DEPs, of which 165 were
upregulated (based on a cutoff value of 1.2-fold) and
77 were downregulated (based on a cutoff value of 0.8-
fold). Fatty acid degradation is mainly carried out on
mitochondria. Therefore, this study targeted DEPs that
were located in mitochondria and related to the fatty
acid degradation pathway, and the expression of 12 DEPs
was upregulated (Fig. 2B). Among these DEPs, CPT1A
was shown to have the most significantly upregulated
expression, which was approximately twofold greater
(Fig. 2C). However, the protein levels of CPT1A were not
significantly different in the pancreatic tissue of alcohol-
treated rats compared with those in the pancreatic tissue
of AAP model rats or AP model rats versus control rats.
Moreover, proteomics revealed that the protein expres-
sion of HADH, HADHA, HADHB, ACADL, ACADVL,
ACADS, ACADM, ACAT1, ECI1, CPT2, ACAA2 and
ACSL3, which are related to the processes of fatty acid
oxidation (FAO) and lipid metabolism, was upregu-
lated. For a full list of these abbreviations, see the Sup-
plemental and Materials in Supplementary Information.
Considering the proteomics analysis, this study mapped
the related key proteins that exhibited altered expres-
sion patterns in the pancreatic tissue of AAP model rats
(Fig. 3). CPT1A is a rate-limiting enzyme [16] that medi-
ates FAO, and this research was particularly interested
in this enzyme. Consistent with the proteomic data, the
immunofluorescence (IF) results revealed a clear increase
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Fig. 1 Alcohol treatment aggravates the cerulein-induced AP in rats. A The serum amylase levels in the four groups of rats were measured. B
Representative photographs (x200) of hematoxylin—eosin-stained histological sections and histological grades of pancreatic tissue from rats. C
Representative immunofluorescence images of Ly6G and MPQ in rat pancreatic tissue sections, and the numbers of Ly6G- and MPO-positive cells
were quantitatively analyzed; scale bar: 10 um. n=5 rats/group; n=7 to 9 fields. D The serum levels of TNFa and interleukins in the four groups were
measured by ELISA; n=5 rats/group, and 3 samples/rat. *Statistically significant differences among the four groups (ANOVA, P<0.05), *Statistically
significant differences between the Cer-treated group and Al+Cer-treated group (t test, P<0.05). The data are presented as the mean + SEM. A/
alcohol, Cer cerulein

(See figure on next page.)

Fig. 2 Alcohol treatment significantly increases the expression of CPT1A in the pancreatic tissues of rats. A Proteomic data: organelle localization,
enriched KEGG pathways, and target protein identification. B Volcano plot showing differentially expressed proteins in the Al-treated group
versus the control group and the Al + Cer-treated group versus the Cer-treated group. C The fold change in protein levels in the Al-treated group
versus the control group and the Al+ Cer-treated group versus the Cer-treated group. D Representative immunofluorescence images of CPTTA

in pancreatic tissue sections from rats in the four groups, and the number of CPT1A-positive cells was quantitatively analyzed; scale bar: 10 um.
n=>5 rats/group; n=7to 9 fields. E The expression of CPT1A in the pancreatic tissue of the model rats in the four groups was measured by western
blotting, and the fluorescence intensity was quantitatively analyzed. The results were obtained from three separate experiments. *Statistically
significant difference values (t test P<0.05); n=5 rats/group. The data are presented as the mean + SEM. Al alcohol, Cer cerulein
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in the number of CPT1A-positive cells in the pancreatic
tissue of the alcohol-treated rats and the AAP model rats,
in contrast to the control group, and the WB results sug-
gested increased CPT1A expression in the same case. All
of these data revealed that alcohol may have contributed
to the elevated expression of CPT1A in the pancreatic
tissue of the rats (Fig. 2D).

Serum acylcarnitine levels are decreased in persons

with a history of alcohol consumption

Metabolomic analyses of rat pancreatic tissue, rat serum
and human serum revealed 34 classes of metabolites
and a total of 377 species. A previous study showed
that CPT1A catalyzed the formation of long-chain acyl-
carnitine from long-chain fatty acids and mediated
the B-oxidation of fatty acids (FAO). First, the levels of
acylcarnitines in the pancreatic tissue and serum of the
rats were measured. The levels of short-chain acylcar-
nitines (isobutyryl-L-carnitine and isovaleryl-carnitine,
c4 and ¢5) and medium-chain acylcarnitines (decanoyl-
L-carnitine and decanoyl-carnitine, ¢8 and c10) were
decreased significantly in the pancreatic tissue of alco-
hol-fed rats (Al) compared with the pancreatic tissue of
control rats (Control), and there was an increase in the
levels of long-chain carnitines (L-palmitoyl-carnitine and
stearoyl-carnitine, c16 and c18). Thus, the pancreatic tis-
sue of Al-treated rats had less accumulation of short- and
medium-chain acylcarnitines and greater accumulation
of long-chain acylcarnitines (Fig. 4A—C). In the serum
of rats, the levels of short- and long-chain acylcarniti-
nes (myristoyl-L-carnitine, L-palmitoyl-carnitine and
stearoyl-carnitine, c14, c16 and c18) underwent the same
changes as those in the pancreatic tissue. In addition, the
levels of medium-chain acylcarnitines (octanoylcarni-
tine and decanoylcarnitine, c8 and c10) were greater in
the serum of Al-treated rats (Fig. 4D-F). To explore the
relevance of serum acylcarnitines in humans, this study
measured serum acylcarnitine levels in a cohort of 20
persons with a history of alcohol consumption (PHA)
and 20 individuals with no history of alcohol consump-
tion (control). Lower levels of short- and medium-chain
acylcarnitines were detected in the serum of the PHA,
and the levels of short-chain acylcarnitines were consist-
ent with those in the pancreatic tissue; moreover, there
was a decrease in the level of long-chain acylcarnitines

(See figure on next page.)
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(with no significant difference) (Fig. 4G-I), suggesting
that the decrease in the serum short- and medium-chain
acylcarnitine levels most likely reflected the high activ-
ity of CPT1A associated with PHA. Additionally, these
findings revealed that DL-carnitine serum levels in the
PHA cohort were almost identical to those in the control
cohort (Fig. 4]).

Alcohol alters lipid composition in rat pancreatic tissue
The above data indicate that alcohol promotes FAO in
rat pancreatic tissue by regulating CPT1A expression.
As shown in Fig. 5A, the total lipid content increased
significantly in alcohol-fed rat pancreatic tissue, and
after inhibition of CPT1A activity, the total lipid content
decreased. This study evaluated whether alcohol affects
lipid metabolism in rat pancreatic tissue. Compared
with those in control rats, alcohol treatment significantly
altered the lipid composition (Fig. 5B), with significantly
increased levels of phospholipids (PC, PE, and PIP3)
(Fig. 5C, D), and these effects were improved after inhibi-
tion of CPT1A activity, suggesting that alcohol not only
promotes FAO but also alters lipid metabolism in rat
pancreatic tissue by regulating CPT1A expression.

Etomoxir ameliorates alcohol-induced ROS production

and oxidative stress-related protein expression in AR42J
cells

This study further investigated the impact of alcohol on
ARA42J cells. Alcohol at various concentrations (2.5, 5 and
10 pg/mL) was applied for 8 h to stimulate the AR42]
cells. In AR42J cells exposed to alcohol, 2.5 pg/mL alco-
hol led to the most pronounced upregulation of CPT1A
protein expression (Fig. 6A). Recent studies have sug-
gested that CPT1A promotes ROS production [17, 18].
Figure 6B shows that the total intracellular production of
ROS in the AR42]J cells after alcohol treatment increased
nearly fourfold in contrast to that in the control cells.
Etomoxir treatment attenuated the increase in total intra-
cellular ROS production induced by alcohol. Intracellu-
lar ROS are mainly generated in mitochondria; therefore,
this study further explored the influence of alcohol on
mitochondrial ROS through the MitoSOX probe. As
shown in Fig. 6C, etomoxir treatment suppressed alco-
hol-induced mitochondrial ROS production. The impact
of etomoxir on the expression of proteins associated with

Fig. 3 Schematic summary of the results of a proteomic analysis used to compare the effects of alcohol+ cerulein versus those of cerulein in rats.
The differentially expressed proteins are shown, with red indicating upregulation. CPT carnitine palmitoyltransferase, ACSL3 acyl-CoA synthetase
long-chain family member 3, CoA coenzyme A, ACAD acyl-CoA dehydrogenase, HADH hydroxyacyl-CoA dehydrogenase, HADHA hydroxyacyl-CoA
dehydrogenase trifunctional multienzyme complex subunit alpha, HADHB hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex
subunit beta, ACAA2 acetyl-CoA acyltransferase 2, ACATT acetyl-CoA acetyltransferase 1, CACT carnitine—acylcarnitine—translocase
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oxidative stress in AR42] cells treated with alcohol was
further studied. The protein expression of GPX-1, CAT,
and SODI1 in response to alcohol was markedly lower
than that in the control group, and etomoxir reversed
this phenomenon. However, alcohol exposure increased
the protein expression of SOD2, which is a key antioxi-
dant enzyme in the mitochondria. Etomoxir treatment
reduced the alcohol-induced increase in the SOD2 pro-
tein level (Fig. 6D). These data suggested that inhibition
of CPT1A activity protected the antioxidant defense
system in AR42]J cells treated with alcohol. In addition,
Mito-TEMPO, a mitochondria-specific superoxide scav-
enger [19], alleviated the alcohol-induced increase in
CPT1A expression (Fig. 6E). These results suggest that
there is crosstalk between ROS and CPT1A in alcohol-
treated AR42J cells.

Etomoxir attenuates mitochondrial dysfunction

and accelerates the activity of amylase

in alcohol-stimulated AR42) cells

Excessive mitochondrial ROS have been reported to
cause mitochondrial dysfunction. Therefore, alterations
in mitochondrial ultrastructure in the pancreatic tis-
sue of rats were evaluated. Cerulein treatment did not
significantly damage the mitochondrial ultrastructure
of rat pancreatic tissue. In contrast, in alcohol-treated
and AAP model rats, had fractured cristae and a sub-
sequent reduction in crista bulk density, the number of
mitochondrial elementary particles was reduced, and the
electron density was decreased. Interestingly, alcohol- or
alcohol + cerulein-induced mitochondrial ultrastructural
damage was significantly ameliorated after etomoxir
treatment in a rat model of pancreatitis (Fig. 7A).

To assess mitochondrial function, the fluorescent probe
JC-1 was used to determine the MMP. Alcohol stimula-
tion depolarized the mitochondrial membrane poten-
tial in the AR42] cells, as indicated by JC-1 changing
from J-aggregates to monomers. Etomoxir intervention
attenuated the MMP depolarization induced by alcohol
(Fig. 7B). Next, this study attempted to determine the
impact of alcohol stimulation on mitochondrial respira-
tion in AR42] cells. In alcohol-stimulated AR42] cells, the
OCR was detected by a Seahorse XFp Extracellular Flux
Analyzer to assess mitochondrial respiration. As shown
in Fig. 7C, alcohol stimulation led to mitochondrial stress

(See figure on next page.)
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in the AR42J cells, as evidenced by a significant decrease
in the OCR. In alcohol-stimulated AR42]J cells, the basal
respiration rate, ATP production rate, MRR, and pro-
ton leakage of mitochondria were significantly lower
than those in alcohol + etomoxir-treated cells, while the
reserve capacity and the nonmitochondrial respiration
rate were not significantly different (Fig. 7D). These data
suggested that etomoxir mitigated alcohol-induced mito-
chondrial dysfunction in AR42]J cells. Amylase activity
in the intracellular and culture supernatants of alcohol-
stimulated AR42] cells was also assayed (Fig. 7E). These
results show that alcohol treatment results in reduced
intracellular and extracellular amylase activity in AR42]
cells. Etomoxir treatment restored amylase activity in
response to alcohol. These data imply that inhibition of
CPT1A activity protects the synthesis and secretion of
amylase in alcohol-treated AR42J cells.

Inhibition of CPT1A activity attenuates inflammation

in an AAP rat model

This research examined whether the suppression of
CPT1A activity could mitigate AAP in a rat model. The
number of CPT1A-positive cells was decreased in the
pancreatic tissue of the AAP model rats subjected to eto-
moxir injection. DHE staining revealed reduced reactive
oxygen species (ROS) levels in pancreatic tissue (Fig. 8A,
B). Etomoxir treatment significantly decreased the serum
IL-8 and TNF-a levels in the AAP rat model. Moreover,
the infiltration of neutrophils (Ly6G- and MPO-positive
cells) in pancreatic tissues was significantly reduced
(Fig. 8C, D).

Discussion

Alcohol intake is thought to increase the sensitivity of the
pancreas to the effects of other stressors, leading to dis-
ease [2]. However, when alcohol is combined with other
risk factors, the inflammatory response is even greater,
which is in line with earlier findings [20].

Several investigations have shown that the pancreas
metabolizes alcohol primarily through fatty acid ethyl
ester (FAEE) synthase, which produces FAEEs and has a
toxic effect on PECs [5, 6]. Kaphalia et al. reported that
[21] the expression of CPT1A was markedly reduced
in PECs treated with 3 mg/mL and 6 mg/mL alcohol.
However, alcohol levels of 3 mg/mL and 6 mg/mL are

Fig. 4 The levels of serum acylcarnitines are decreased in persons with a history of alcohol consumption (PHA). A—C Acylcarnitine (short-chain,
medium-chain, and long-chain) levels in the pancreatic tissue of rats. D-F Acylcarnitine (short-chain, medium-chain, and long-chain) levels

in the serum of rats; n=5 rats/group. *Significant difference between the Al-treated group and the control group (t test, P < 0.05). G-J Acylcarnitine
(short-chain, medium-chain, long-chain, and pi-carnitine) levels in the serum of humans. *Significant difference between the PHA and control
cohorts (t test, P<0.05). The results are presented as the mean + SEM. Al alcohol, PHA persons with a history of alcohol consumption
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well above the level of severe alcoholism, and a major-
ity of patients with a history of alcohol consump-
tion should have serum alcohol levels below this level.
According to the proteomics results of this study, the
expression of fatty acid degradation-related proteins in
the pancreatic tissue of rats was significantly upregu-
lated by alcohol intake. Long-chain acyl-CoA syn-
thetases (ACSLs) are a family of enzymes that play an
essential role in the metabolism of lipids via the con-
version of free long-chain fatty acids to the acyl-CoA
form [22]. Various ACSL isoforms partition fatty acids
into particular cellular metabolic pathways, and fast-
ing reduces ACSL5 and ACSL3 mRNA levels in the
liver [23]. Importantly, the results of this study suggest
that alcohol could upregulate ACSL3 in the pancreas.
CPT1A is required for long-chain fatty acid transport
to the inner mitochondrial membrane [24]. The carni-
tine acyl-carnitine translocase exchanges acyl-carnitine
for pL-carnitine so that the cytosol does not become
DL-carnitine depleted relative to the mitochondrion
[24]. CPT2 on the inner side of the inner mitochon-
drial membrane transforms long-chain acylcarnitines
into long-chain fatty acyl-CoA [24], thereby entering
the fatty acid p-oxidation cycle. Among them, CPT1A
was the most significantly altered enzyme in alco-
hol + cerulein-treated rat pancreatic tissue. This finding
suggested that alcohol may regulate acute pancreatitis
through FAO.

The inability to assess CPT1A levels in human pancre-
atic tissues presents limitations for a definitive interpre-
tation. This study revealed a clear reduction in the serum
levels of short- and medium-chain acylcarnitines in peo-
ple who consumed alcohol, which was initially expected.
The reduced short- and medium-chain acylcarnitine
levels in the alcohol consumption cohort may be attrib-
utable to variations in CPT1A expression, as excessive
shuttling of long-chain acylcarnitines may cause reduced
accumulation of short- and medium-chain acylcarniti-
nes [25] in an environment where there is no significant
change in DL-carnitine levels. However, decreased long-
chain acylcarnitine levels may result from an increased

(See figure on next page.)
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FAO rate. These results underscore the possible clinical
relevance of a major FAO-related metabolic disruption in
humans with a history of alcohol consumption.

Lipidomics was performed in this study and revealed
that alcohol may regulate lipid metabolism in rat pancre-
atic tissue through CPT1A; in particular, the metabolism
of phospholipids increased significantly in pancreatic
tissue. Previous studies [22] have shown that ACSL4 is
related to the metabolism of phospholipids, such as PC
and PA, while this study revealed that CPT1A is related
to the metabolism of phospholipids, especially PC,
which may be associated with the modulation of FAO,
mitochondrial respiration, and the formation of ATP
by CPT1A, which affects the activity of ACSLs [26].
Among these phospholipids, phosphatidylcholine (PC)
is the most abundant phospholipid in organelle mem-
branes and eukaryotic cells [27], and other studies have
shown that such lipid abnormalities may contribute to
liver fibrosis and nonalcoholic steatohepatitis through
the induction of inflammation, apoptosis, mitochondrial
dysfunction, endoplasmic reticulum stress and oxidation
[28]. These findings indicate that lipid metabolism plays
an important role in regulating AAP.

ROS are intermediate products involved in redox reac-
tions in aerobic metabolism [7]. Although ROS directly
induce damage to pancreatic exocrine cells [8], this dam-
age is seemingly not sufficient to cause AP. To explore
the role of lipid metabolism-induced ROS production in
AR42J cells, both intracellular and mitochondrial ROS
production were evaluated. In the present study, alcohol-
induced elevation of CPT1A expression in AR42] cells
correlated with increased ROS levels. Mitochondrial
ROS induce mitochondrial damage [8], and the mecha-
nism is strongly associated with the loss of mitochondrial
membrane potential [9]. This research demonstrated that
alcohol treatment led to a dramatic decrease in the mito-
chondrial membrane potential in AR42J cells.

After etomoxir treatment, mitochondrial ultrastruc-
ture alterations were almost abrogated, which prevented
the loss of intact mitochondrial cristae and led to an
increase in the number of mitochondrial elementary

Fig. 7 Etomoxir attenuates mitochondrial dysfunction and accelerates the activity of amylase in alcohol-stimulated AR42J cells. A Representative
electron microscopy images of PECs from rats in the control, Cer-treated, Al-treated, Al+ Cer-treated, and Al+ Cer + Eto-treated groups; n=>5 rats/
group. B PECs were stained with JC-1, and the MMP was measured by FACS. *There were significant differences between the alcohol-stimulated
group and the control group (t test, P<0.05); *there was a significant difference between the groups treated without and with etomoxir (40 uM)
after alcohol stimulation (2.5 pg/mL) (¢ test, P< 0.05). € Mitochondrial oxygen consumption was measured with a Seahorse XFp Extracellular Flux
Analyzer. D Bar graph showing individual mitochondrial function parameters calculated from the data presented in C. *There was a significant
difference between the groups with and without etomoxir treatment after alcohol stimulation (t test, P<0.05). E The activity of amylase

in intracellular and extracellular supernatants was determined by iodine-starch colorimetry. *Significant difference between the alcohol-treated
group and the control group (¢ test, P< 0.05). *Significant difference groups with and without etomoxir treatment after alcohol stimulation (t test,
P<0.05). The results were obtained from three separate experiments and are presented as the mean + SEM
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Fig. 8 Inhibition of CPT1A activity attenuates inflammation in an AAP rat model. A Representative immunofluorescence images of CPT1A

in pancreatic tissue sections from Al+ Cer-treated rats and Al + Cer + Eto-treated rats, and the number of CPT1A-positive cells was quantitatively
analyzed; scale bar: 10 um. n=5 rats/group; n="7 to 9 fields. B Representative DHE immunofluorescence images of pancreatic tissues

from Al+ Cer-treated rats and Al + Cer + Eto-treated rats; scale bar: 10 um. n=4to 5 fields. C The serum levels of TNFa and interleukins

in the Al+ Cer-treated rats and Al + Cer + Eto-treated rats, as measured via ELISAs. D Representative immunofluorescence images of Ly6G
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particles. Folds in the inner mitochondrial membrane
increase the surface area available for oxidative phos-
phorylation (OXPHOS) [29], and the elementary parti-
cles carry adenosine triphosphate (ATP) synthase, which
uses energy produced by the respiratory chain to gener-
ate ATP. Furthermore, mitochondrial dysfunction was
reversed to some extent after etomoxir treatment; spe-
cifically, etomoxir treatment improved the basal respira-
tion rate, ATP production rate, MRR and proton leakage.
These data revealed that etomoxir suppressed CPT1A
expression in AR42]J cells after alcohol stimulation and
reduced mitochondrial dysfunction, suggesting that lipid
metabolism, especially phospholipids metabolism, regu-
lates pancreatic sensitization to necrosis and pancrea-
titis. Furthermore, this study explored the relationship
between CPT1A activity and amylase activity in AR42]
cells. Alcohol-treated AR42] cells displayed reduced
intracellular and extracellular amylase activity, and eto-
moxir treatment increased amylase activity. These data
imply that inhibition of CPT1A activity can improve the
function of acinar cells.

The data in Fig. 1 suggest that alcohol alone causes
minimal damage in the pancreas, but alcohol pretreat-
ment exacerbates cerulein-induced AP in vivo models.
Therefore, we further explore in vitro models how alco-
hol changes pancreatic cells before inflammation occurs.
We treated AR42] cells with alcohol, and detected cel-
lular and mitochondrial oxidative stress, mitochondrial
morphology, oxidative respiration rate and other indi-
cators. We found that although alcohol did not directly
damage pancreatic cells, it affected some functions of the
cells, which had a regulatory effect before the occurrence
of inflammation, equivalent to a sentinel regulation.

Ahead findings have demonstrated that alcohol exerts
various effects on pancreatic acinar cells by upregulat-
ing CPT1A expression, and these sentinel events act as
a sentinel-regulation, although they do not directly cause
acute pancreatitis. This study, through further controlled
experiments, revealed that in an AAP rat model induced
by alcohol + cerulein, preadministration of etomoxir pre-
vented ROS production in pancreatic tissue and reduced
the levels of TNFa and IL-8 in the serum. IL-8 recruits
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neutrophils [30], which are landmark cells found in
the early stage of AP [31]. Additionally, the number of
MPO-positive cells and neutrophils was reduced in the
etomoxir-pretreated AAP rats. This evidence, together
with the reduction in the levels of TNFa and IL-8 in the
serum, strongly suggested that inhibition of CPT1A alle-
viates the inflammatory response in alcohol-treated rats
during AP.

Study strengths and limitations

Previous investigations have shown that pancreatic tis-
sue metabolizes alcohol primarily through fatty acid
ethyl ester synthase [5, 6]. According to the results of
this study, alcohol also promotes the oxidation of fatty
acids in pancreatic tissue by regulating CPT1A activity;
this alters lipid metabolism, and the levels of phospholip-
ids are significantly increased. Second, this study reveals
for the first time that serum levels of short-chain and
medium-chain acylcarnitines are reduced in persons with
a history of alcohol consumption who are more prone to
severe pancreatitis.

This study has several limitations. First, there are limi-
tations in the measurement of CPT1A levels in human
pancreatic tissue. CPT1A levels are currently reflected
by acylcarnitine metabolism. In this study, the results
of acylcarnitine metabolism in the pancreatic tissue of
a rat model and in human serum were conjointly ana-
lyzed. Although the results for short-chain acylcarnitine
were consistent, the link between pancreatic tissue and
serum needs to be further investigated. This study dem-
onstrated that etomoxir treatment can reduce the inflam-
matory response to AAP, but the effect of etomoxir on
the liver was not considered in this study. In addition, in
this study, several proteins were upregulated in alcohol-
treated rats and downregulated after CPT1A inhibition,
which are a family of fatty acid transporters, but no fur-
ther localization experiments about these proteins have
been conducted.

Conclusion

These findings suggest that alcohol is likely to regulate
CPT1A-mediated lipid metabolism disorders that affect
mitochondrial ultrastructure and function, which in turn
sensitizes the pancreas to the impact of other stressors.
Notably, the serum acylcarnitine results are clinically rel-
evant, and the decrease in the serum levels of short- and
medium-chain acylcarnitines in individuals that consume
alcohol may reflect a greater susceptibility to severe AP.
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AP Acute pancreatitis
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HADHB Hydroxyacyl-CoA dehydrogenase trifunctional multienzyme
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