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Abstract
BACKGROUND 
The expression of amino acid transporters is known to vary during acute pancre-
atitis (AP) except for LAT1 (slc7a5), the expression of which remains stable. LAT1 
supports cell growth by importing leucine and thereby stimulates mammalian 
target of rapamycin (mTOR) activity, a phenomenon often observed in cancer 
cells. The mechanisms by which LAT1 influences physiological and pathophy-
siological processes and affects disease progression in the pancreas are not yet 
known.

AIM 
To evaluate the role of LAT1 in the development of and recovery from AP.

METHODS 
AP was induced with caerulein (cae) injections in female and male mice 
expressing LAT1 or after its knockout (LAT1 Cre/LoxP). The development of the 
initial AP injury and its recovery were followed for seven days after cae injections 
by daily measuring body weight, assessing microscopical tissue architecture, 
mRNA and protein expression, protein synthesis, and enzyme activity levels, as 
well as by testing the recruitment of immune cells by FACS and ELISA.

RESULTS 
The initial injury, evaluated by measurements of plasma amylase, lipase, and 
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trypsin activity, as well as the gene expression of dedifferentiation markers, did not differ between 
the groups. However, early metabolic adaptations that support regeneration at later stages were 
blunted in LAT1 knockout mice. Especially in females, we observed less mTOR reactivation and 
dysfunctional autophagy. The later regeneration phase was clearly delayed in female LAT1 
knockout mice, which did not regain normal expression of the pancreas-specific differentiation 
markers recombining binding protein suppressor of hairless-like protein (rbpjl) and basic helix-
loop-helix family member A15 (mist1). Amylase mRNA and protein levels remained lower, and, 
strikingly, female LAT1 knockout mice presented signs of fibrosis lasting until day seven. In 
contrast, pancreas morphology had returned to normal in wild-type littermates.

CONCLUSION 
LAT1 supports the regeneration of acinar cells after AP. Female mice lacking LAT1 exhibited more 
pronounced alterations than male mice, indicating a sexual dimorphism of amino acid 
metabolism.

Key Words: Acute pancreatitis; Amino acid transporter; LAT1; Metabolism; Regeneration; Fibrosis

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: LAT1 (slc7a5) transports amino acids into cells and is an upstream regulator of metabolic 
signaling pathways. This transporter was shown to play an important role in highly proliferative cells 
during embryonic development and cancer, controlling protein synthesis and cell proliferation. In this 
study we provide evidence that LAT1 plays a role in the pancreatic acinar regeneration after acute pancre-
atitis. Additionally, knocking down LAT1 revealed a sex difference in the regenerative process, which 
may be supportive to understand gender differences in the clinical setting.

Citation: Hagen CM, Roth E, Graf TR, Verrey F, Graf R, Gupta A, Pellegrini G, Poncet N, Camargo SMR. Loss of 
LAT1 sex-dependently delays recovery after caerulein-induced acute pancreatitis. World J Gastroenterol 2022; 
28(10): 1024-1054
URL: https://www.wjgnet.com/1007-9327/full/v28/i10/1024.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i10.1024

INTRODUCTION
Acute pancreatitis (AP), an inflammatory disease of the exocrine pancreas, ranks among the most 
frequent gastrointestinal causes for hospital admission in the United States[1]. AP is mainly provoked 
by gallbladder stones, alcohol overconsumption, or other toxic substances disturbing the tightly 
regulated function of the exocrine pancreas[2]. The disease most often has a mild course with interstitial 
inflammation; however, it can also be severe with necrosis and detrimental complications. In severe, 
prolonged, or repetitive cases, sustained inflammation leads to expansion of extracellular matrix 
components, altering pancreatic architecture and replacing functional tissue. Significant fibrosis is 
accompanied by exocrine and endocrine insufficiency. It represents a risk factor for oncogenic 
transformation, seriously reducing life quality and expectancy[3,4].

Several theories have been suggested over the last decades to explain the pathogenesis of AP. Self-
digestion following premature intrapancreatic activation of enzymes has become the most accepted one
[5]. The disruption of various systems, leading to calcium signaling impairment, endoplasmic reticulum 
(ER) stress, and autophagy dysregulation[6], have been shown to lead to intrapancreatic trypsin 
activation. When activated prematurely upon internal or external influences, the digestive enzymes may 
provoke acinar cell death by autolysis, thereby triggering AP. This results not only in local but also 
systemic inflammatory responses. Activation of the immune system is a further crucial player in AP. 
Acinar cells themselves produce and release cytokines that attract neutrophils and macrophages, which 
influence the course of the inflammation[7].

Fundamental changes accompany the process of injury and regeneration of the tissue. They lead to an 
altered morphological appearance, reflecting a shift in the molecular expression profile that ultimately 
modifies the functional properties of the cells. Besides edema, inflammatory cell invasion, and cell 
death, reduction of digestive enzymes storage in zymogen granules has been observed. In addition, 
acinar-to-ductal metaplasia (ADM)[8] occurs, transforming the pancreas' phenotypical layout. Secretory 
acinar cells transiently dedifferentiate into pancreatic progenitor-like cells with embryonic properties, 
with a reduction of protein synthesis and a high proliferative capacity. They recover the capacity to 
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express embryonic transcription factors (e.g., sox9, pdx1) and reduce the expression of markers charac-
teristic of functionally differentiated cells (e.g., PTFA1 complex, mist1/Bhlha15, digestive enzymes)[9]. 
This exerts a positive effect on the regenerative process, as shown by the fact that preventing ADM 
aggravates damage in AP[10].

Acinar cells are responsible for the synthesis, storage, and secretion of more than 200 different 
proteins. In these cells, approximately 70% of the total mRNA encodes for secreted proteins[11]. 
Translation is controlled by the mammalian target of rapamycin (mTOR ) pathway[12] and induced by 
amino acid uptake[13,14]. Willet et al[15] proposed a stepwise adaptation of metabolic phases during 
AP, starting with an initial downregulation of the exocrine function and the activity of the mTOR 
pathway, followed by the activation of autophagy and dedifferentiation of acinar cells. The surviving 
cells would enter a quiescent phase and recycle cellular components to uphold their energy balance 
instead of producing secretory proteins. Subsequent proliferation and mTOR reactivation combined 
with the restoration of digestive capacity would reconstitute the healthy state.

Amino acids are actively transported into acinar cells to provide the necessary building blocks for 
protein synthesis. An influence on amino acid transporters (AAT) by diet[16] and early AP injury[17] 
has been shown in our previous work. We identified the localization of the glutamine and neutral amino 
acid transporters LAT1 (slc7a5), LAT2 (slc7a2), SNAT3 (slc38a3), and SNAT5 (slc38a5) at the basolateral 
membrane of acinar cells. In a healthy pancreas, Na+-dependent SNAT3 and SNAT5 transport amino 
acids, such as glutamine, with a low affinity and high capacity into the cell[18]. These amino acids 
accumulate in the cells and serve as exchange substrates to uptake other amino acids such as leucine, 
transported by the antiporters LAT1 and LAT2[19]. During early injury of AP, SNAT3 and SNAT5 were 
strongly reduced. At the same time, LAT1 expression was preserved both at the mRNA and protein 
levels, suggesting that in LAT1 case, AAT may play a role in supporting the survival of remaining 
acinar cells rather than supporting secretory protein synthesis. Moreover, in a cell culture model 
mimicking pancreatitis, loss of LAT1 expression was associated with dedifferentiation and expression of 
senescence genes (e.g., ptf1a, pdx, sox9, p21), further supporting its importance in maintaining acinar 
cell identity and survival[17,20].

LAT1 (slc7a5) and CD98 glycoprotein (slc3a2) form a heterodimeric antiporter selective for several 
essential neutral amino acids that are ubiquitously expressed, particularly in the brain, exocrine glands, 
testes, and immune cells[21]. Notably, LAT1 is highly active in proliferating cells with physiological 
importance during immune cell activation[22] or placental development, and its ablation causes early 
intrauterine death[23]. So far, this transporter has been studied mainly in cancer[24], where its overex-
pression promotes growth by delivering substrates and influencing various signaling pathways. Partic-
ularly, mTOR is activated by leucine transported through LAT1[25]. mTOR prompts survival and prolif-
eration of the cells, explaining the role of LAT1 as a negative prognostic marker in cancers such as 
pancreatic ductal adenocarcinoma (PDAC)[26]. Moreover, enhanced endothelial LAT1 stimulates 
angiogenesis and thereby further boosts tumor progression[27].

The maintained presence of LAT1 during initial AP injury might support a pro-proliferative state 
favoring regeneration. In this study, we analyzed the role of AAT during the recovery of AP, especially 
focusing on LAT1. The results presented here illustrate the importance of sustained expression of LAT1 
during the initial injury phase to ensure complete regeneration.

MATERIALS AND METHODS
Acute pancreatitis in wild-type and LAT1 knockout mice
The experiments were performed in C57Bl/6 (Jackson Laboratories) and LAT1-Cre/LoxP (obtained by 
crossing the Slc7a5flox/flox strain (B6.129P2-Slc7a5tm1.1Daca/J) with the B6.129-Gt(ROSA)26Sor-
tm1(cre/ERT2)Tyj/J)[28,29] mice, as approved by the Zurich Cantonal Veterinary office (License 
ZH075/15) and handled in accordance with the Swiss Animal Welfare law and good laboratory 
practice. Mice were group-housed in standard conditions of controlled temperature (21-24 °C) and 12 h 
light-dark cycles and fed standard chow (#3436 Kliba Nafag, Kaiseraugst, Switzerland) and drinking 
water ad libitum.

At 2-3 mo of age, AP was induced in vivo by administering the secretagogue caerulein (cae) (Sigma, 
Louis, MO, United States) in twelve intraperitoneal injections of 50 μg/kg body weight at hourly 
intervals. LAT1 knockout was induced by tamoxifen (Sigma-Aldrich, Buchs, Switzerland) oral gavage 
160 mg/kg for three consecutive days. LAT1 cre- wild-type (LAT1-wt) and LAT1 cre+ knockout (LAT1-
ko) mice were treated with tamoxifen to rule out the possible effects of tamoxifen alone. AP in LAT1-wt 
and LAT1-ko mice was induced seven days after the first tamoxifen gavage, as control served animals 
injected with saline in the same regimen. Following treatment, blood samples were withdrawn for 
plasma analysis at the end of cae injections (12 h) with heparin coated capillary tubes from the tail, and 
body weight was measured daily until animals were sacrificed at specific time points between 24 h up 
to seven days after the first injection of cae or saline.
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The sacrifice procedure was performed under inhalation anesthesia with isoflurane (Attane, Piramal 
Critical Care, Inc., Bethlehem, PA, United States). Tissue from the pancreas tail was obtained for RNA 
extraction immediately after laparotomy, snap-frozen in liquid nitrogen, and stored at -80 °C to avoid 
autodigestion. After heart blood drawing, a high dose of isoflurane was applied until all vital signs were 
terminated. The remaining pancreas was collected, snap-frozen in liquid nitrogen for protein analysis, 
or fixed in 3% paraformaldehyde (PFA) for 24 h and embedded in paraffin for subsequent microscopical 
analysis using the Microtom STP 120 (MICROTOM International, Walldorf, Germany) by immersion in 
progressive gradients of ethanol, Xylol, and paraffin, applying a standard protocol.

Measurement of plasma amylase and lipase
Twelve or 24 h after the first injection of cae or saline, plasma was collected by centrifugation (5 min at 
8000 x g and 4 °C) of heparinized blood samples and kept at -80 °C until measurements were made. 
Measurement was done according to the manufacturer's instructions (Fuji Dri-Chem 4000i).

Hematoxylin/eosin and Masson's trichrome staining
The samples for the initial morphological analysis of wild-type mice (C57Bl/6) were collected from 24 h 
to seven days after the first injection of cae or saline. For LAT1 cre-inducible mice (LAT1-Cre/LoxP), 
samples were collected three and seven days after the first injection of cae or saline. The paraffin-
embedded pancreas was sectioned (5 μm) and stained with hematoxylin/eosin (HE) or Masson's 
trichrome using a standard protocol. The morphological analysis for HE was performed on the scanned 
slides (Nanozoomer HT 2.O, Hamamatsu, Japan) from the Laboratory for Animal Model Pathology 
(LAMP) at the University of Zurich. A 40 x magnification was used (objective lens magnification of x 40, 
eyepiece magnification of x 10), and the analysis to grade the different stages of AP was done in a 
blinded fashion. Tissue injury was morphometrically graded according to edema, inflammatory cell 
invasion, and ADM using the slide viewer NDP.view 2 (HAMAMATSU PHOTONICS K.K., Japan). 
Edema was scored from 0 to 3 (0 for no edema present, 3 for most pronounced edema) depending on 
subjective interlobular space. The presence of inflammatory cells was quantified in ten randomly chosen 
microscopic fields of 0.1 mm2 in 40 x magnification. ADM was quantified as percentage of metaplasia in 
relation to total exocrine pancreatic tissue. The morphological analysis of Masson's trichrome staining 
was done using a Nikon Eclipse TE300 epifluorescence microscope (Nikon Instruments Inc., Melville, 
NY) equipped with a DS-5 M Standard charge-coupled device camera (Nikon Instruments Inc.). The 
score was performed blind by two independent observers.

Immunohistochemistry and immunofluorescence
Immunohistochemistry was performed on 5 μm paraffin-embedded tissue slides using the Dako 
Autostainer Universal Staining System Model# LV-1 and the Leica BOND RX according to the 
supplier's instructions. The analysis was performed on the scanned slides using the slide viewer 
NDP.view 2. Stained acinar cells were quantified in ten randomly chosen microscopic fields of 0.1 mm2 
in 40 x magnification. For immunofluorescence, the slides were deparaffinized in a Microm spin tissue 
processor STP-120, reversing the steps of immersion. Antigen retrieval was performed in the pressure 
cook (HistosPRO (SW 2.0.0), Rapid Microwave Histoprocessor) as described in Table 1. After antigen 
retrieval, sections were blocked (2% BSA, 0.04% Triton X-100 in PBS, pH 7.4) and incubated with the 
primary antibody. The appropriate secondary antibodies were added, and nuclei were stained with 4′,6-
diamidino-2-phenylindole (Dapi, Thermo Fischer Scientific, Waltham, MA, United States). Sections were 
mounted using a Dako Glycergel mounting medium (DakoCytomation, Glostrup, Denmark).

The sections were analyzed with a Nikon Eclipse TE300 epifluorescence microscope (Nikon 
Instruments Inc., Melville, NY) equipped with a DS-5 M Standard charge-coupled device camera (Nikon 
Instruments Inc.). Pictures were acquired with NIS Elements (Nikon Instruments Inc.) and processed in 
Photoshop 9.

Western blotting
The samples for protein analysis by Western blotting were collected 24 h and three days after the first 
injection of cae or saline. Pancreas samples were fractioned into membrane and cytosol components for 
AAT analysis as previously described[17]. Briefly, tissue was homogenized in an ice-cold resuspension 
buffer (200 mmol/L mannitol, 80 mmol/L HEPES, 41 mmol/L KOH, protease inhibitor, pH 7.5) using 
beads (MagNALyser Green Beads, Roche, Switzerland) for 2 × 30 s 6000 rpm in a tissue homogenizer 
(Precellys® 24, Bertin Technologies, France). After an initial centrifugation step (15 min at 800 × g, 4 °C), 
cytosol and membrane were obtained by ultracentrifugation (1 h at 100000 × g, 4 °C). To prepare a total 
lysate, tissue was homogenized in an ice-cold RIPA buffer (20 mmol/L Tris-HCl pH 7.5, 150 mmol/L 
NaCl, 1 mmol/L Na2EDTA, 1 mmol/L EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mmol/L sodium 
pyrophosphate, 1 mmol/L β-glycerophosphate, 1 mmol/L Na3VO4, 1 μg/mL leupeptin, protease 
inhibitor, pH 7.5). The tissue was homogenized (2 × 20 s 5500 rpm) and sonicated, and samples were 
centrifuged (20 min at 16000 × g, 4 °C). The supernatant representing total lysate was used to analyze 
amylase, eukaryotic translation initiation factor 2α (eIF2α), microtubule-associated proteins 1A/1B light 
chain 3B (LC3), ubiquin-binding protein p62, S6 kinase (S6K), smooth muscle actin (SMA), and 
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Table 1 Antibodies and conditions applied in immunohistochemistry and immunofluorescence experiments

Antigen Antigen retrieval Primary antibody Antibody dilution

Amylase SDS 0.1% LifeSpan BioSciences, Inc. (LS-B8239) 1:1000

Caspase 3 Sodium citrate pH 6 Cell Signaling (9664) 1:400

E-cadherin Tris-EDTA pH 9 Invitrogen (13-1900) 1:200

LAT1 Tris-EDTA pH 9 Cosmo Bio (KE026) 1:100

pH3 Sodium citrate pH 6 Merk-Sigma (06-570) 1:1000

SMA Sodium citrate pH 6 Abcam (AB5694) 1:500

SNAT5 Tris-EDTA pH 9 Pineda (599341) 1:2000

pH3: Phosphohistone 3; SMA: Smooth muscle actin.

vimentin. Protein content was measured by a modified Lowry method (Biorad, Hercules, CA) according 
to the manufacturer's instructions. Samples were separated on sodium dodecyl sulfate polyacrylamide 
gels (SDS-PAGE) and transferred electrophoretically to a polyvinylidene difluoride (PVDF) membrane 
(Immobilon-P, Millipore, Bedford, MA, United States). The membranes were blocked and incubated 
with antibodies, as described in Table 2.

Protein was identified by a chemiluminescent method (Merck Millipore, Darmstadt, Germany) and 
detected with the luminescent image analyzer FujiFilm LAS-4000 camera (GE Healthcare, Glattbrugg, 
Switzerland) according to the manufacturer's instructions. Densitometric quantification of the bands 
was performed using the software ImageJ (National Institutes of Health, Bethesda, MD, United States).

RNA extraction and qPCR
The samples for RNA extraction were collected 24 h, three days, and seven days after the first injection 
of cae or saline. Total RNA was extracted using RNeasy Mini Kit (Qiagen, Basel, Switzerland), and 
tissue was homogenized using beads (Precellys® 24, Bertin Technologies, France). The RNA quality 
control was performed by microchip analysis Agilent 2100 Bioanalyzer (NanoChip, Agilent Techno-
logies, Santa Clara, CA, United States) with a minimal required RIN of 7.0. Reverse transcription was 
performed according to the manufacturer's instructions, and 10 ng cDNA was added to Taq-Man 
Universal PCR master mix (Applied Biosystems) using a Prism 7700 cycler (Applied Biosystems, Foster 
City, CA, United States). The primers and probes used in this study not yet published[16,17,30,31] are 
listed in Table 3.

The mRNA expression of the gene of interest (GOI) relative to that of the housekeeping gene (HKG, 
18S) was calculated by applying the Delta CT method (r = 2[Ct(HKG)-Ct(GOI)]).

Assays for trypsin activated, MPO, and MCP1
The samples collected 24 h after the first injection of cae or saline were prepared according to Lau and 
Bhatia [32]. Briefly, one-fourth of the pancreas was homogenized with MagNALyser Green Beads 
(Roche, Switzerland) and ice-cold 10 mmol/L sodium phosphate buffer pH 7.4 using a Precellys® 24 
tissue homogenizer (Bertin Technologies, France) for 2 × 30 s 6800 rpm. DNA was determined in the 
total lysate, and the supernatant was used for trypsin, myeloperoxidase (MPO), and monocyte 
chemotactic protein 1 (MCP1) measurements. As previously described[33], trypsin activity was 
measured using Boc-Q-A-R-MCA (BACHEM, Bubendorf, Switzerland) as substrate. The activity of 
trypsin was normalized to DNA and expressed as nmol/µg DNA. MPO measurement was determined 
with 3,3′,5,5′-Tetramethylbenzidine (TMB, Sigma) after 2 minutes incubation. The final MPO activity 
was normalized to DNA and expressed as fold change to control samples. MCP1 was measured by 
ELISA (R&D Systems, Inc., Minneapolis, MN, United States) according to the manufacturer's 
instructions, and the final concentration of MCP1 was expressed as pg/µg DNA. DNA was quantified 
using a fluorescence Quantitation Kit (Sigma-Aldrich, St. Louis, MO) according to the manufacturer's 
instructions.

FACS
The pancreas of mice 24 h after the first injection of cae were excised and immediately digested with 
collagenase (1 mg/mL) and DNAaseI (100 U/mL) and filtered through a 40 μm filter to remove debris. 
The single-cell suspension was incubated for 30 min at 4 °C with a master mix of antibodies targeting 
cell surface markers for lymphocytes (CD8a, NK1.1, CD4, CD45.2) or myeloid cells (CD11b, Ly6G, Ly6C, 
CD62L, CD45.2). After washing and fixing with 2% PFA, samples were acquired using FACS Canto II 
(BD Biosciences). Flow cytometry data were analyzed using FlowJo v10.7.1 software (Tree Star Inc.).
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Table 2 Antibodies and conditions applied in Western blotting experiments

Antigen Total protein loaded (µg) Primary antibody Antibody dilution

Amylase 2.5 LifeSpan BioSciences, Inc. (LS-B8239) 1:10000

β-tubulin Varying Sigma (T8328) 1:5000

LAT1 20 Cosmobio (KE026) 1:500

LC3 100 MLB (PM036) 1:250

NA/K-ATPase Varying Santa Cruz (sc-48345) 1:10000

p62 50 MBL (PM045) 1:1000

peIF2α 25 Cell Signaling (3398) 1:1000

pS6K 50 Cell Signaling (9205S) 1:1000

SMA 25 Sigma (C6198) 1:1000

teIF2α 25 Cell Signaling (9722) 1:1000

tS6K 50 Cell Signaling (2708P) 1:1000

Vimentin 30 Invitrogen (MA5-11883) 1:1000

LC3: Microtubule-associated proteins 1A/1B light chain 3B; peIF2: Phosphorylated eukaryotic translation initiation factor 2; pS6K: Phosphorylated S6 
kinase; SMA: Smooth muscle actin; teIF2α: Total eukaryotic translation initiation factor 2α; tS6K: Total S6 kinase.

Incorporation of leucine in protein to determine protein synthesis
Protein synthesis was analyzed 24 h and three days after the first injection of cae or saline. Food was 
removed at least one hour before mice received gavage containing 1.5 mmol/L leucine and H3-leucine 
(0.7 μCi/10 g of body weight). Mice were anesthetized, and 15 min after the gavage, the blood and 
pancreas were collected. The organ was cut into four pieces, weighed, and snap-frozen. Serum was used 
to calculate the specific radioactivity by measuring total leucine by ultra performance liquid chromato-
graphy[16] and the radioactive leucine. The tissue was homogenized in 0.6 M perchloric acid using 
beads and a Precellys system (2 × 30 s 6800 rpm) and incubated for one hour on ice. The pellet was 
obtained by centrifugation (15 min at 10000 × g), washed, and resuspended in 0.3 M sodium hydroxide. 
The resuspended pellet was used for the measurement of total protein and incorporated radiolabeled 
leucine. The rate of protein synthesis was expressed as pmol of leucine incorporated into protein per 
hour (pmol leu /mg protein/hour) as previously described[12].

Statistics
Data were analyzed and represented in GraphPad Prism 5 (GraphPad Software, San Diego, CA, United 
States) as means ± standard error of the mean (SEM). Statistical comparison between LAT1-wt and 
LAT1-ko groups at various time points of pancreatitis was done by unpaired two-tailed student's t-test 
or one-way ANOVA with Bonferroni post hoc test. P values of 0.05 or less were regarded as statistically 
significant and labeled as aP ≤ 0.05, bP ≤ 0.01, cP ≤ 0.001.

RESULTS
LAT1 amino acid transporter expression differs from other transporters during AP injury and 
regeneration
Expression of AAT was analyzed in a model for AP and correlated with morphology, dedifferentiation, 
and functional markers. AP initial injury was histologically evidenced by the invasion of inflammatory 
cells and interstitial edema (Figure 1A), peaking one to two days after AP induction (Figure 1B and C). 
On days three and four after the first injection of cae, the most dedifferentiated structures appearing as 
ADM were observed throughout the tissue (Figure 1D). Besides the formation of ADM crucial for 
regeneration[34], dedifferentiation and reduction of specific organ function were also characterized by 
the expression of known indicator genes. As depicted in Figure 1E, cytokeratin 19 (ck19) expression as a 
very early marker for dedifferentiation rose and was sustained throughout the period during which 
ADM was observed. Pancraes associated transcription factor 1a (ptf1a), which with recombining 
binding protein suppressor of hairless-like protein (rbpjl) forms the pancreas transcription factor 1 
(PTF1) complex determining pancreatic fate and supporting acinar cell function[35], transiently 
increased two-fold. Additionally, an increased expression of SRY-box transcription factor 9 (sox9) 
coincided with the presence of ADM structures, as previously noted[36,37]. On days three and four, 
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Table 3 Primers and probes for mouse genes used in qPCR

Gene Primers Probe (Universal Probe 
Library Roche) Accession No.

Amylase 2A4

S TGATGACTGGGCTTTGTCAG 4 NM_001160150.1

AS GCCATCGACCTTATCTCCAG

ccnb2

S CAACCGTACCAAGTTCATCG 3 NM_007630.2

AS GATGGCAGTCCAGTGTCTAGG

CD206

S CCTTGAACCCATTTATCATTCC 49 NM_008625.2

AS CTGTAGCAGTGGCCTGCAT

ck19

S AGTCCCAGCTCAGCATGAA 97 NM_008471.3

AS TAACGGGCCTCCGTCTCT

Clusterin

S AAGTACTACCTTCGGGTCTCCA 6 NM_013492.3

AS AGCTTCACCACCACCTCAGT

col4a1

S GGCCCTTCATTAGCAGGTG 9 NM_009931.2

AS TCTGAATGGTCTGACTGTGTACC

cpa1

S CCCCTATGGCTACACATCAGA 63 NM_025350.4

AS TCCCGTGTAGAGATGTCAAGG

ctsb

S AAGCTGTGTGGCACTGTCCT 72 NM_007798.3

AS GATCTATGTCCTCACCGAACG

ctsd

S CCCTCCATTCATTGCAAGATAC 3 NM_009983.2

AS TGCTGGACTTGTCACTGTTGT

ctsl

S ACAGAAGACTGTATGGCACGAA 25 NM_009984.4

AS GGATCATTCTCATGTTCTTCTCC

Elastase

S ACGGAGCACCCTGTTACATC 22 NM_026419.2

AS CTGCTGCAGCTTGTCTGG

F4/80

S AGGAGGACTTCTCCAAGCCTA 67 NM_010130.4

AS AGGCCTCTCAGACTTCTGCTT

icam-1

S GCTACCATCACCGTGTATTCG 53 NM_010493.3

AS AGGTCCTTGCCTACTTGCTG

IL-1β
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S AGTTGACGGACCCCAAAAG 38 NM_008361.4

AS AGCTGGATGCTCTCATCAGG

IL-6

S GCTACCAAACTGGATATAATCAGGA 6 NM_031168

AS CCAGGTAGCTATGGTACTCCCGAA

IL-10

S CAGAGCCACATGCTCCTAGA 41 NM_010548.2

AS TGTCCAGCTGGTCCTTTGTT

lipase

S GCCACGATGCTAATGCTGT 3 NM_026925.3

AS ATCACTGAAGCAGCCGAGTT

mist1

S GGCTAAAGCTACGTGTCCTTG 77 NM_010800.3

AS GCTCCAGGCTGGTTTTCC

nox2

S TGCCAACTTCCTCAGCTACA 20 NM_007807.5

AS GTGCACAGCAAAGTGATTGG

p21

S TTGCCAGCAGAATAAAAGGTG 9 NM_001111099.2

AS TTTGCTCCTGTGCGGAAC

p27

S GTTAGCGGAGCAGTGTCCA 62 NM_009875.4

AS TCTGTTCTGTTGGCCCTTTT

p62

S AACTGGAGCCCACGTCCT 22 NM_001290769.1

AS CTCCCCCACATTCTTCAGG

prss1+3

S CTGCTGGCACTCAGTGTCTC 20 NM_053243.2

AS GCAGGTCTGGTTCACTGACA

prss2

S CCAGAGTGGCCTCTGTACCT 20 NM_009430.2

AS AGCAGGTCTGGGTTGTTCAC

ptf1a

S GCTTGGCCATAGGCTACATT 73 NM_018809.2

AS GGACTGTCCTCTCCGAGGT

rbpjl

S TCAGAAATCCTATGGAAATGAGAA 20 NM_009036.1

AS GGTCTTGCATTGGCTTCAC

sma/Acta2

S TAACCCTTCAGCGTTCAGC 20 NM_007392.3

AS ACATAGCTGGAGCAGCGTCT

sox9

S CAGCAAGACTCTGGGCAAG 25 NM_011448.4
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AS ATCGGGGTGGTCTTTCTTGT

spink1

S CACCCAGATCTTCGACAATG 83 NM_009258.5

AS TAAACTCAGCAGGGCCAAAG

tnfα

S CTGTAGCCCACGTCGTAGC 25 ENSMUST00000025263

AS TTTGAGATCCATGCCGTTG

tgfβ

S CTCAGAGCAAGAGAAAGCACTG 3 NM_001164074.1

AS CGTTGATGAACCAGTTACAGACC

Vimentin

S CGAGGAGAGCAGGATTTCTC 53 NM_011701.4

AS GGAAGTGACTCCAGGTTAGTTTCTC

ccnb2: Cyclin b2; CD206/Mrc1: macrophage mannose receptor C type 1,ck19: Cytokeratin 19; col4a1: Collagen type IV alpha 1 chain; cpa1: 
Carpoxypeptidase 1; ctsb: Cathepsin b; ctsd: Cathepsin d; ctsl: Cathepsin l; icam-1: Intercellular adhesion molecule 1; IL-1: Interleukin 1; IL-6 and 10: 
Interleukin 6 and 10; mist1: Basic helix-loop-helix family member A15; nox2: NADPH oxidase 2; p21/cip/Cdkn1a: Cyclin Dependent Kinase Inhibitor 1A; 
p27/kip/Cdkn1b: cyclin-dependent kinase inhibitor 1B, prss1+3: Serine protease 1+3; prss2: Serine protease 2; ptf1a: Pancreas associated transcription 
factor 1a; rbpjl: Recombining binding protein suppressor of hairless-like protein; sma/Acta2: α smooth muscle actin/alpha-actin-2; sox9: SRY-box 
transcription factor 9; spink1: Serine peptidase inhibitor kazal type 1; tnfα: Tumor necrosis factor α; tgfβ: Transforming growth factor β.

when dedifferentiation was highest, we observed a peak expression of the M-phase mitosis indicator, 
cyclin b2. In contrast, the expression of differentiation and functional acinar cell genes, rbpjl and basic 
helix-loop-helix family member A15 (mist1), declined quickly in the initial injury phase along with 
mRNA levels of amylase and carboxypeptidase 1 (cpa1) (Figure 1F). Diverging from rbpjl and mist1, 
mRNA levels of amylase and cpa1 lagged at still lower to normal levels after seven days, indicating 
incomplete functional recovery despite the near-normal morphological appearance of the tissue. The 
decrease of enzyme expression as functional acinar cell markers and a decrease in protein synthesis 
would be expected to correlate with the decreased expression of AAT. Such a parallel regulation could 
indeed be nicely observed with the expression of the sodium-dependent transporter for neutral amino 
acids SNAT5 (slc38a5) and, to some extent, for SNAT3 (slc38a3) (Figure 1G). The expression of SNAT5, 
however, did not return to normal levels during seven days, similar to amylase and cpa1. On the other 
hand, the mRNA expression of the amino acid exchangers for neutral amino acids LAT1 (slc7a5) and 
LAT2 (slc7a8) was increased (Figure 1H). It should be noted that, at the protein level, LAT1 decreased 
(Figure 1I) but persisted along the course of the disease. Immunofluorescence showed that LAT1 was 
still expressed in the remaining acinar (Figure 1J) and ADM cells alike. During regeneration (three days 
after AP induction), LAT1 was localized in ADM, where the expression of the epithelial cell marker E-
cadherin was lost (Figure 1K). This suggests that LAT1 impacts survival and recovery of acinar cells 
during AP, maintaining a relatively steady expression, in contrast to SNAT5 that declined after AP 
induction (Figure 1J).

A pancreas lacking LAT1 expression showed similar acute pancreatitis-induced early injury to a wild-
type pancreas
A LAT1 inducible whole-body knockout (LAT1 cre- wild-type "LAT1-wt" and LAT1 cre+ knockout 
"LAT1-ko") model was used to analyze whether LAT1 plays a role in the regeneration of the pancreas 
during AP, and the timeline of the experiments is depicted in Figure 2A. The knockout of LAT1 induced 
with tamoxifen was demonstrated to be efficient at the mRNA level and was maintained throughout the 
experimental observation (Figure 2B). Moreover, the mRNA results corresponded with the 
disappearance of protein in the tissue (Figure 2C and D). The ablation of LAT1 did not induce a 
compensatory overexpression of other AAT, and the levels of LAT2, xCT, SNAT2, SNAT3, and SNAT5 
did not differ between genotypes or sexes (Figure 2E).

The severity of AP was analyzed by plasma amylase and lipase levels, neutrophils' and macrophages' 
recruitment and activity and trypsin activation. Pathways of metabolic adaptation and autophagy 
capacity were examined together with AAT expression and protein synthesis of the exocrine pancreas.

After inducing AP in LAT1-wt and LAT1-ko mice, the levels of plasma amylase and lipase measured 
12 h after the first cae injection were elevated, confirming the development of AP (Figure 2F). 
Additionally, we observed a sex difference concerning the enzyme levels. Amylase (P < 0.05 for LAT1-
ko) and lipase (P < 0.01 for LAT1-wt) were higher in male than in female mice 12 h after the first cae 
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Figure 1 During recovery from acute pancreatitis, the expression of the amino acid transporter LAT1 was changed in a different way 
alongside dedifferentiation and the appearance of maturity markers for acinar cells. A-D: Morphological analysis of the pancreas after the induction 
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of acute pancreatitis (AP). A: HE stain depicting changes during the observed time period. Circle: inflammatory cells, x: edema, square: acinar-to-ductal metaplasia 
(ADM); B: Quantification of inflammatory cells as counts per 0.1 mm2 field; C: Edema; D: ADM score from 0 to 3; E-F: Variation of dedifferentiation and maturity 
markers over seven days; mRNA expression for genes of E: dedifferentiation (ck19, SRY-box transcription factor 9 (sox9), pancreas associated transcription factor 1a 
(ptf1a)) and proliferation (cyclin b2 (ccnb2)) as well as F: organ-specific maturity (recombining binding protein suppressor of hairless-like protein (rbpjl), basic helix-
loop-helix family member A15 (mist1), amylase, and carboxypeptidase 1 (cpa1)) in pancreas was analyzed via qPCR and expressed as a fold change that was 
compared to untreated controls, n = 4. The line indicates the expression level found in the control animals; G-H: Variations of amino acid transporter (AAT) gene 
expression alongside injury and regeneration. mRNA expression of G: SNAT3 (slc38a3) and SNAT5 (slc38a5) and H: LAT1 (slc7a5) and LAT2 (slc7a8) was 
examined via qPCR and expressed as a fold change that was compared to untreated controls (n = 4). The line indicates the expression level found in the control 
animals; I-K: LAT1 expression decreased but did not disappear during injury and regeneration; I: LAT1 protein was analyzed with Western blotting (10% SDS-PAGE 
gel and membrane fraction of cell lysates), and it showed a band at approximately 39 kDa. The results were expressed relative to Na/K-ATPase and were normalized 
in line with untreated animals. The line represents the level in untreated animals. Mean ± SEM, n = 4. Statistical analysis was conducted with ANOVA and Bonferroni 
and then compared with the saline-injected negative control. aP < 0.05, bP < 0.01, cP < 0.001; J: LAT1 and SNAT5 were located at the basolateral membrane of 
acinar cells. The paraffin-embedded mouse pancreas was stained red for LAT1 or SNAT5, and the nuclei were stained in blue (4′,6-diamidino-2-phenylindole or 
DAPI). The panels on the left depict LAT1 24 h after AP induction (upper), and the untreated controls are below them. The panels on the right depict SNAT5 24 h 
after AP (upper) and the untreated controls are shown underneath. The bar length corresponds to 50 μm. K: LAT1 was present in dedifferentiated acinar cells, which 
were characterized by the absence of E-cadherin co-expression. The paraffin-embedded mouse pancreas was stained for LAT1 (green) and E-cadherin (red), and 
the nuclei were stained in blue (dapi). The top panel only depicts LAT1, while the bottom panel is overlayed with E-cadherin; in both instances, this is three days after 
AP induction. The bar length corresponds to 50 μm.

injection. As we showed for wild-type mice in Figure 1, LAT1-wt and LAT1-ko mice from both sexes 
presented elevated ck19 expression. However, LAT1-ko mice showed more pronounced expression of 
ck19 than their LAT1-wt littermates, and levels in male mice rose more pronouncedly than in female 
mice. This indicates a more dedifferentiated state in males, as ck19 is a prominent marker of ADM. The 
expression of clusterin, another known early injury marker in AP, was also upregulated but did not 
differ between genotypes or sexes (Figure 2G). Expression of the enzymes amylase, elastase, cpa1, and 
lipase in the pancreas of control mice (treated with saline) or with AP (24 h after the first cae injection) 
did not differ between the groups (Figure 2H). This suggests that male and female LAT1-wt and LAT1-
ko mice started with the same mRNA levels of these genes, with no sex or genotype differences.

A very early change observed during AP injury is the activation of trypsinogen to trypsin in the 
pancreas[38]. The activation of trypsin increased after AP induction in both genotypes. Despite the 
tendency of higher values in LAT1-ko mice, they were spread over a wider range and did not reach 
significance (Figure 3A). Earlier timepoint measurements (six hours after the first cae or saline injection) 
confirmed the higher variability in trypsin activation for LAT1-ko mice. They did not statistically differ 
from LAT1-wt mice (data not shown). The expression at the mRNA level of trypsinogens serine 
protease 1+3, serine protease 2 (prss1+3, prss2), and trypsin inhibitor serine peptidase inhibitor kazal 
type 1 (spink1) (Figure 3B) or cathepsins B, D, and L (ctsb, ctsd, and ctsl) (Figure 3C) showed no 
significant differences in saline-injected control mice for both genotypes and sexes. The transcription of 
cationic (prss1) and meso (prss3) trypsinogen increased during AP (Figure 3B), differing from other 
digestive enzymes that decreased (Figure 2H). The basal expression of prss1 and prss3 in LAT1-ko mice 
was more variable and tended to be higher than in LAT1-wt mice, concomitant with trypsin activity 
tending to be higher in LAT1-ko mice. The expression of the trypsin inhibitor spink1 remained stable 
during AP and was only discretely elevated in female LAT1-ko mice with AP (Figure 3B). In cae injected 
mice, the expression of all cathepsins increased compared to control mice, and mRNA of cathepsins B 
and D, which modify trypsin activation[39-41], tended to be more abundant in males than females 
(Figure 3C). These findings do not support a more severe injury but suggest LAT1 ablation interfered 
with differentiation and caused variable trypsin activation.

The pancreas of mice lacking LAT1 expression showed lower neutrophil recruitment in response to 
acute pancreatitis
We further analyzed whether LAT1-ko mice developed the same inflammatory reaction regarding 
neutrophils and macrophages recruitment. Twenty-four hours after AP induction, mRNA for 
intercellular adhesion molecule 1 (icam-1), which mediates endothelial transmigration of leukocytes, 
was higher in male LAT1-ko than in female and wild-type mice. The pro-inflammatory cytokine tumor 
necrosis factor α (tnfα) was found to be lower in female LAT1-ko mice than LAT1-wt mice (Figure 4A). 
The expression of NADPH oxidase 2 (nox2), an enzyme in phagocytes that produces superoxide, was 
significantly reduced in LAT1-ko mice (Figure 4A). Myeloperoxidase (MPO) activity (Figure 4B) was 
also slightly reduced in LAT1-ko mice, implying low neutrophil recruitment. This finding was 
confirmed by FACS analysis, as Ly6G+ neutrophils were found to be significantly reduced in the LAT1-
ko pancreas (Figure 4C). Besides neutrophil recruitment, we analyzed the release of monocyte 
chemotactic protein 1 (MCP1) by acinar cells and the expression of macrophage marker F4/80. The 
chemoattractant for macrophages MCP1 was equally increased between genotypes and sexes after AP 
induction, suggesting similar recruitment of macrophages (Figure 4D). The expression of F4/80 mRNA 
was elevated during AP and did not differ between genotypes; however, LAT1-ko males showed higher 
F4/80 mRNA levels than females (Figure 4E). Additionally, the inflammatory cytokines released by 
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Figure 2 Tamoxifen-induced knockout of LAT1 was efficient in the pancreas, and the mice developed acute pancreatitis in an equivocal 
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manner. A: Experimental timeline. Three consecutive days of Tamoxifen gavage began seven days prior to acute pancreatitis (AP) induction by caerulein (cae). The 
first injection of cae marks day zero. Blood for amylase and lipase analysis was drawn 12 and 24 h afterwards (indicated with x). The mice were sacrificed on days 
one, three, and seven following the first cae injection (indicated with S); B-D: The knockout of LAT1 (slc7a5) at the mRNA and protein level was efficient during the 
period the experiments were conducted. B: mRNA expression for LAT1 was analyzed via qPCR and relative to a housekeeping gene (18S × 106) in LAT1-ko mice 
one, three and seven days after the onset of AP, and it was compared to the LAT1-wt mice. C: The LAT1 protein was analyzed with Western blotting (10% SDS-
PAGE gel, membrane fraction of cell lysates) three days after the onset of AP, and it displayed a band at approximately 39 kDa. The results were expressed in a 
manner relative to Na/K-ATPase, and they were normalized in line with untreated animals; D: The paraffin-embedded mouse pancreas was stained for LAT1 (green), 
and the nuclei were stained in blue (dapi). The top panel depicts LAT1 in LAT1-wt mice, and the bottom is in relation to LAT1-ko mice. The bar length corresponds to 
50 μm. E: Neither the knocking out of LAT1 nor the administration of tamoxifen treatment modified the expression of other amino acid transporters (AAT). The mRNA 
expression of LAT2 (slc7a8), xCT (slc7a11), SNAT2 (slc38a2), SNAT3 (slc38a3), and SNAT5 (slc38a5) was analyzed via qPCR relative to a housekeeping gene 
(18S × 106) in LAT1-wt and LAT1-ko mice treated with tamoxifen and saline. Mean ± SEM, n = 3-8; F: Plasma amylase and lipase increased in LAT1-wt and LAT1-ko 
mice after the onset of AP. The line indicates the plasma value when it is at a healthy level. Mean ± SEM, n = 7-25; G: LAT1-ko mice exhibited an enhanced 
presence of dedifferentiation markers. The mRNA expression of cytokeratin 19 (ck19) and clusterin was analyzed via qPCR and expressed as a fold change relative 
to saline-injected controls 24 h after the onset of AP. The line indicates the expression level of the control animals. Mean ± SEM, n = 5-7. H: mRNA expression of 
amylase, elastase, carboxypeptidase 1 (cpa1), and lipase was analyzed via qPCR relative to a housekeeping gene (18S × 106), and it was not modified by LAT1 
knockout or tamoxifen treatment, yet it decreased after the onset of AP. The upper panel depicts the mice injected with saline, and the lower panel highlights the mice 
24 h after AP induction. Mean ± SEM, n = 3-8. The statistical analysis was conducted by ANOVA and Bonferroni, and then it was compared, as indicated by the 
capped line. aP < 0.05, bP < 0.01, cP < 0.001.

macrophages, interleukin 1β (IL-1β) and interleukin 6 (IL-6), were less expressed in female mice, 
suggesting a slightly less efficient macrophage recruitment in the female LAT1-ko pancreas following 
AP induction.

Altogether, our results suggest that despite recruiting less activated neutrophils and macrophages, 
LAT1-ko mice sustained the same initial injury based on plasma lipase, amylase, and trypsin activation 
levels.

LAT1 ablation hindered the activation of early regenerative metabolic adaptation
Another characteristic of AP is the fast reduction of function upon injury, with transcription and 
translation of proteins notably dropping[42,43]. As depicted in Figure 5A, there was a marked reduction 
in total protein synthesis in mice treated with cae but without difference between genotypes and sexes. 
Reduction in protein synthesis, inhibition of the mammalian target of rapamycin (mTOR) pathway, 
autophagy activation, and reactivation of mTOR are important events during the earlier metabolic 
adaptations and regeneration from AP[15]. As LAT1 is an upstream regulator in the mTOR pathway[25,
44], the phosphorylation of its downstream target S6 kinase (S6K) was analyzed. S6K phosphorylation 
was found significantly reduced in female LAT1-ko mice (P < 0.05) during AP (Figure 5B). The 
phosphorylation of the general control nonderepressible 2 (GCN2) pathway marker eukaryotic 
translation initiation factor 2α (eIF2α), sensing intracellular shortage of amino acids, was increased in 
both genotypes during AP (Figure 5C). It was significantly higher in female LAT1-wt mice compared to 
their male littermates (P < 0.05), putatively suggesting accentuated sex-specific nutritional stress. 
Regarding expression of other AAT, only slight variations were observed. Most notably, female mice 
transcribed xCT (slc7a11) to a lesser extent than males (P < 0.01) (Figure 5D) but contrarily upregulated 
the expression of LAT2 (P < 0.05). This increase in LAT2 was possibly induced by the GCN2 pathway, 
as has been previously detected in cell culture[45]. AAT for glutamine did not vary between genotypes 
or sexes. SNAT3 and SNAT5 expression showed a general decrease during AP, SNAT2 a slight increase. 
Female LAT1-ko mice not only activated the mTOR pathway to a lesser extent and displayed 
pronounced sensitivity to nutritional stress, but they tended to show signs of defective autophagy. The 
well-established marker for autophagy, given as the ratio of microtubule-associated proteins 1A/1B 
light chain 3B II:I (LC3II:I)[46], was higher in female LAT1-ko compared to LAT1-wt mice (P < 0.05) 
(Figure 5E). The expression of mRNA coding for p62, a regulatory protein of autophagy[47], was 
increased during AP with higher levels in male mice (Figure 5F), but this did not translate to a change of 
p62 protein, which was equal among genotypes and sexes (Figure 5G) and suggested accumulation of 
the cargo protein in females.

Our results suggest that LAT1-ko mice activated the mTOR downstream target SK6 less effectively 
during the initial AP injury phase compared to LAT1-wt mice. Females more pronouncedly activated 
the starvation pathway GCN2, implied by increased phosphorylation of its downstream target eIF2α. 
They also showed evidence for dysfunctional autophagy, suggestive of an early metabolic adaptation 
depending on sex and the presence of LAT1.

LAT1-ko mice showed delayed recovery from acute pancreatitis with a more accentuated effect in 
females
As for wild-type mice, morphology, differentiation, and dedifferentiation markers, indicating the 
functional state of acinar cells, were analyzed in female and male LAT1-wt and LAT1-ko mice at the 
time points for which we observed maximum regenerative changes (day three) and almost normal 
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Figure 3 The trypsin activation observed in LAT1-ko mice had higher variability, and the expression of trypsinogens and cathepsins 
differed from LAT1-wt mice. A: Trypsin activation was observed in LAT1-wt and LAT1-ko mice 24 h after acute pancreatitis (AP) induction. The activity was 
measured using Boc-Q-A-R-MCA and expressed as nmol/μg DNA. Mean ± SEM, n = 3-7; B-C: The mRNA expression of trypsinogens, trypsin inhibitor, and 
cathepsins. The mRNA expressions of serine protease 1+3 (prss1+3) and serine protease 2 (prss2) along with serine peptidase inhibitor kazal type 1 (spink1) (B) and 
cathepsin B, D, and L (ctsb, ctsd, and ctsl) (C) were analyzed via qPCR and expressed relative to a housekeeping gene (18S × 106) in LAT1-wt and LAT1-ko mice. 
The upper panel depicts the mice that were injected with saline, and the lower panel shows the mice 24 h after AP induction. Mean ± SEM, n = 7-14. Statistical 
analysis was conducted with ANOVA and Bonferroni and compared, as indicated by the capped line. aP < 0.05, bP < 0.01, cP < 0.001.

morphology (day seven) after induction of AP. Additionally, the body weights of the mice were 
controlled daily in this period. On day one of AP, the genotypes showed the same relative change of 
body weight but thereafter, LAT1-ko and especially female LAT1-ko lost more weight and did so more 
prolongedly (Figure 6A). Female LAT1-ko mice reached the highest weight loss on days three to five 
and still lagged their littermates on day seven.

As observed for wild-type mice three days after the induction of AP (Figure 1D), the presence of 
ADM could be detected in the tissue. Male LAT1-ko did not differ from male LAT1-wt mice, but female 
LAT1-ko had more extensive ADM areas than their LAT1-wt littermates (Figure 6B). By day seven, 
pancreatic tissue morphology in males of both genotypes and female LAT1-wt mice was almost 
restored, while female LAT1-ko mice still presented more areas with ADM.
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Figure 4 The number and activity of neutrophils in LAT1-ko mice was reduced, but the capacity to recruit macrophages was maintained. 
A-C: LAT1-ko mice recruited less neutrophils than LAT1-wt cre-mice. A: The mRNA expressions of NADPH oxidase 2 (nox2), tumor necrosis factor α (tnfα), and 
intercellular adhesion molecule 1 (icam-1) were analyzed via qPCR and expressed as a fold change relative to saline-injected controls 24 h after the onset of acute 
pancreatitis (AP). The line indicates the expression level of the control animals. Mean ± SEM, n = 4-7; B: Myeloperoxidase activity in LAT1-ko mice 24 h after saline 
or caerulein (cae) injection was expressed as activity/μg DNA. Mean ± SEM, n = 3-8; C: The lower number of neutrophils recruited was assessed by FACS analysis 
of the pancreas 24 h after the onset of AP. The results illustrate the ratio of Ly6G positive to CD45 positive cells. Mean ± SEM, n = 4-5. Statistical analysis was 
conducted with an unpaired, two-tailed t-test. aP < 0.05; D-E: Recruitment of macrophages was equal in both genotypes, but female LAT1-ko mice exhibited a lower 
expression of macrophage marker and interleukins; D: Monocyte chemotactic protein 1 was equal between genotypes and sexes; this was measured by ELISA in the 
pancreas of saline or cae-injected mice and expressed as pg/µg DNA. Mean ± SEM, n = 3-8; E: Macrophage marker F4/80, interleukin 1β (IL-1β), and IL-6 were 
lower in female LAT1-ko when analyzed via qPCR and expressed as a fold change relative to saline-injected controls 24 h after the onset of AP. The line indicates 
the expression level of control animals. Mean ± SEM, n = 4-8. Statistical analysis was conducted with ANOVA and Bonferroni and then compared, as indicated by the 
capped line. aP < 0.05, bP < 0.01, cP < 0.001.
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Figure 5 Protein synthesis, mammalian target of rapamycin, and general control nonderepressible 2 pathways as well as autophagy were 
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differently regulated upon knockout of LAT1. A: As measured by the incorporation of 3H-leucine into total protein and expressed as pmol leu/mg 
protein/hour, protein synthesis was seen to decrease in both genotypes 24 h after the onset of acute pancreatitis (AP). Mean ± SEM, n = 3-8; B: The mammalian 
target of rapamycin (mTOR) downstream target S6 kinase (S6K) was activated to a lesser degree in female LAT1-ko mice. Phosphorylated and total S6K levels were 
determined with Western blotting (8% SDS-PAGE gel, cells’ total lysates) 24 h after the onset of AP, and they showed a band at approximately 70 kDa. The results 
were expressed as a ratio of phosphorylated to total protein relative to the saline-injected controls; C: General control nonderepressible (GCN2) was more activated in 
females. The GCN2 downstream target eukaryotic-translation-initiating factor 2α (eIF2α) was analyzed via Western blotting (12% SDS-PAGE gel, cells’ total lysates) 
24 h after the onset of AP, and it exhibited a band at approximately 38 kDa. The results were expressed as ratio of phosphorylated to total protein, which was relative 
to the saline-injected controls. Mean ± SEM, n = 4; D: Variation of amino acid transporter expression after AP induction. The mRNA expression of LAT2 (slc7a8), xCT 
(slc7a11), SNAT2 (slc38a2), SNAT3 (slc38a3), and SNAT5 (slc38a5) was analyzed via qPCR and expressed as a fold change that was compared to saline-injected 
controls 24 h after the onset of AP. The line indicates the expression level of the control animals. Mean ± SEM, n = 5-8; E-G: Female LAT1-ko mice presented with 
enhanced markers for dysfunctional autophagy. E: The ratio of microtubule-associated protein 1A/1B-light chain 3 II (LC3II) to LC3I was higher in female LAT1-ko 
compared to female LAT1-wt. Moreover, the LC3II-to-LC3I ratio was examined using Western blotting (13.5% SDS-PAGE gel, cells’ total lysates) 24 h after the onset 
of AP; a double band appeared at approximately 15 kDa. The upper band represents LC3I, and the lower band indicates LC3II. Mean ± SEM, n = 3-6; F-G: Male 
mice express more p62 mRNA, yet no more protein, than their female counterparts; F: The mRNA expression of p62 was analyzed via qPCR and expressed relative 
to a housekeeping gene (18S × 106) in LAT1-wt and LAT1-ko mice. The upper panel depicts the mice that were injected with saline, and the lower panel highlights the 
mice 24 h after AP induction. Mean ± SEM, n = 3-7; G: The p62 protein was analyzed with Western blotting (12% SDS-PAGE gel, cells’ total lysates) 24 h after the 
onset of AP, and it exhibited a band at approximately 62 kDa. The results were expressed relative to β-tubulin and normalized in line with the LAT1-wt average 
indicated by the line. Mean ± SEM, n = 5-8. The statistical analysis was conducted by ANOVA and Bonferroni and then compared, as indicated by the capped line. a
P < 0.05, bP < 0.01, cP < 0.001.

Overall, mRNA expression of genes characteristic for mature acinar cells analyzed on day three, rbpjl 
and mist1, was lower in female and male LAT1-ko mice than their LAT1-wt littermates. By day seven, 
expression in female LAT1-ko mice remained low, while female LAT1-wt mice and males from both 
genotypes had already restored expression levels (Figure 6C). This slower regeneration process in 
LAT1-ko mice, especially in females, was not caused by a difference in initial acinar cell death or 
following proliferation. Cleaved caspase, indicating apoptosis, was higher in acinar cells on day three 
for all genotypes and sexes compared to day seven, and the groups did not statistically differ between 
each other (Figure 6D). The phosphohistone 3 marker suggests that the proliferation of acinar cells was 
ongoing during the later time point of day seven, with only a tendency for female and male LAT1-ko 
mice to proliferate less than LAT1-wt animals early on day three (Figure 6E). Simultaneously, dediffer-
entiation markers sox9 and ck19 were elevated on days three and seven in both genotypes and sexes 
compared to saline-injected controls (Figure 6F). The early marker of dedifferentiation ck19 had already 
been elevated in both female and male LAT1-ko mice 24 h after AP induction (Figure 2G). On day three, 
male LAT1-wt and LAT1-ko mice behaved similarly, while female LAT1-ko reached higher ck19 levels 
than their LAT1-wt littermates, and these higher levels were maintained until day seven (Figure 6F). 
The described findings imply that pancreatic remodeling lasted beyond histologically determined 
normalization of the tissue and that LAT1 ablation in females worsened the condition.

Acinar cell function was assessed by amylase mRNA and protein expression as well as by total 
protein synthesis. Amylase levels were strongly reduced in LAT1-ko mice on day three, and female 
LAT1-ko showed still lower levels on day seven relative to female LAT1-wt mice (Figure 7A). Amylase 
levels were also decreased in LAT1-ko mice, as evidenced by immunofluorescence of the pancreas from 
mice of both sexes (Figure 7B). The quantification done by Western blotting confirmed the qualitative 
analysis through immunofluorescence, where we observed that female LAT1-ko mice expressed less 
amylase compared to LAT1-wt mice (Figure 7C). The observation that total protein synthesis in the 
tissue was still reduced three days after AP induction in both genotypes and female LAT1-ko mice 
remained significantly lower than saline-treated mice (P < 0.05) (Figure 7D) suggests that these lower 
amylase levels were due to a decrease in protein synthesis. Interestingly, the key regulators of protein 
synthesis mTOR (pS6) and GCN2 (eIF2α) pathways were equally activated in LAT1-wt and LAT1-ko 
mice. Ratios of phosphorylated to total S6K were not different from LAT1-wt (Figure 7E), and the same 
was observed for eIF2α, which had returned to control levels for both genotypes by day three 
(Figure 7F). The transport of amino acids into the cell is also crucial for protein synthesis. The expression 
of AAT was similar between the genotypes but differed between the sexes. In contrast to the early phase 
of AP (Figure 5D), SNAT3 expression remained lower in female compared to male mice on days three 
and seven (Figure 7G). The expression of xCT and SNAT2 were still elevated on day three, as we had 
observed after 24 h, but at this later time, xCT expression was similar in females and males. At the same 
time, LAT2 mRNA expression had almost returned to normal in all groups. SNAT5 expression, similar 
to amylase, remained reduced until the end of the experiment. Since we did not observe a difference in 
proliferation or acinar cell death, we analyzed the expression of markers for senescence and cell cycle 
arrest [48]. The gene encoding p21 (CDKN1A/CIP1), an inhibitor of cyclin-dependent kinases, was 
higher in female LAT1-ko mice (P < 0.01) three days after AP induction (Figure 7H). Another inhibitor 
of cyclin-dependent kinases, p27 (CDKN1B/KIP1), only tended to be elevated in female LAT1-ko mice 
seven days after AP induction. Lasting cell cycle inhibition might further indicate stalling recovery 
accentuated in female LAT1-ko mice.
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Figure 6 LAT1-ko mice showed a delayed recovery from acute pancreatitis, and the effect was more accentuated in females. A: Weight loss 
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in female LAT1-ko mice was more accentuated and prolonged compared to their LAT1-wt littermates. Their body weight was measured daily over a period of seven 
days after the caerulein injection, and it was then expressed as weight loss relative to their initial body weight. Mean ± SEM, n = 5-17; B: Acinar-to-ductal metaplasia 
(ADM) areas in female LAT1-ko mice were larger than in their littermates three and seven days after the onset of acute pancreatitis (AP). ADM structures were 
identified microscopically in the HE stains and expressed as a percentage that was relative to the total area of the pancreas. Mean ± SEM, n = 5-9; C: Markers of 
pancreas-specific differentiation were lower in female LAT1-ko mice up to seven days after the onset of AP. Meanwhile, the mRNA expression of recombining the 
binding protein suppressor of hairless-like protein (rbpjl) and basic helix-loop-helix family member A15 (mist1) was analyzed via qPCR, expressed as a fold change, 
and then compared to saline-injected controls three and seven days after the onset of AP. The line indicates the expression level found in the control animals. Mean 
± SEM, n = 3-5; D-E: Apoptosis and proliferation did not differ between the groups with AP, as demonstrated by immunohistochemistry analyses of D: cleaved 
caspase and E: phosphohistone 3, respectively. The results were expressed according to the number of events in acinar cells per 0.1 mm2. Mean ± SEM, n = 5-9; F: 
The expression level of genes that are characteristic of dedifferentiation was elevated in female LAT1-ko mice up to day seven. Meanwhile, the mRNA expression of 
SRY-box transcription factor 9 (sox9) and cytokeratin 19 (ck19) was determined via qPCR and expressed as a fold change, which was compared to saline-injected 
controls three and seven days after the onset of AP. The line indicates the expression level of the control animals. Mean ± SEM, n = 3-5. Statistical analysis was 
conducted with ANOVA and Bonferroni and then compared, as indicated by the capped line. aP < 0.05, bP < 0.01, cP < 0.001.

This set of experiments suggests that LAT1-ko mice were delayed in initiating differentiation, 
recovering protein synthesis capacity, and restoring body weight compared to their LAT1-wt 
littermates. Also, at three to seven days, female LAT1-ko mice presented disrupted regeneration steps 
compared to male littermates.

Female LAT1-ko mice presented higher fibrosis marker expression and microscopical evidence of 
fibrosis compared to their wild-type littermates
The presence of fibrosis alters the morphological characteristics of the tissue but can also influence 
cellular interaction and slower regeneration processes after AP[8]. To verify if the ablation of LAT1 in 
LAT1-ko mice could modify regeneration by influencing the generation of fibrosis, we assessed the 
presence of fibrosis indicators directly by histological and immunohistological analysis as well as by 
mRNA expression and protein levels of fibrosis markers. The Masson's trichrome histological staining 
showed noticeable aggregation of fibrotic tissue throughout the pancreas of LAT1-ko females 
(Figure 8A). The activation of pancreatic stellate cells (PSC) was evidenced by the deposition of SMA 
with immunofluorescence (Figure 8B) and Western blotting analysis (Figure 8C) as well as a decrease in 
vimentin (P < 0.05) (Figure 8D). Both confirmed the higher presence of markers characteristic for 
activated PSC in female LAT1-ko mice. Female LAT1-ko mice exhibited a higher presence of collagen 
mRNA on day three and tended to express more transforming growth factor β (tgfβ) than their male 
littermates on days three and seven (Figure 8E). Macrophages have been previously identified to 
influence the restoration of homeostasis[49]. In females, the expression of macrophage marker F4/80 
and CD206/MRC1 indicative of type 2 macrophages did not differ from males three days after AP 
(Figure 8E) but had a slight tendency to be lower, while the anti-inflammatory marker IL-10 was not 
enhanced in females or males. Interestingly, seven days after AP, all the genes related to fibrosis 
remained elevated in female LAT1-ko compared to male mice. Altogether, these results propose that 
LAT1-ko mice developed more fibrosis and regenerated more slowly, with accentuated manifestation in 
females.

DISCUSSION
A change in the expression of AAT during the early phase of AP was shown in our previous work[17]. 
To investigate the significance of this observation, we analyzed the course of AP from the early phase to 
regeneration in the present study, focusing on the role of the AAT LAT1 (slc7a5). We examined the 
expression of different AAT, protein synthesis and upstream regulatory mechanisms, markers of injury, 
proliferation, and fibrosis. We observed a delay in the recovery phase of LAT1-ko mice compared to 
LAT1-wt after AP induction. We here discuss the possible influences of LAT1 expression on these 
mechanisms in particular and in AP disease progression in general and the limitations and possible 
follow-ups of this study.

LAT1 ablation was not compensated by other amino acid transporters in a global LAT1 knockout 
mouse model
AATs are responsible for the continuous influx of amino acids used for protein synthesis in acinar cells
[50] and can also act upstream of cellular pathways controlling cell survival and proliferation[51]. LAT1 
expression persisted during the first 24 h of AP when the differentiation markers recombining binding 
protein suppressor of hairless-like protein (rbpjl) and basic helix-loop-helix family member A15 (mist1) 
were reduced, and the early dedifferentiation marker ck19 was increased. LAT1 was detected on 
membranes of acinar cells and ADM, suggesting its presence in the remaining dedifferentiated acinar 
cells may support cell survival. The knockout of LAT1 was efficient until the end of the experiment and 
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Figure 7 Functional recovery of acinar cells was delayed in LAT1-ko mice after injury. A-C: Amylase mRNA and protein levels were reduced in 
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female LAT1-ko mice. A: The mRNA of amylase was examined via qPCR and expressed as a fold change; subsequently, this value was compared to those relating 
to the saline-injected controls three and seven days after the onset of acute pancreatitis (AP). Mean ± SEM, n = 45. Subsequently, statistical analysis was conducted 
with ANOVA and Bonferroni and then compared, as indicated by the capped line. cP < 0.001; B: Decreased amylase expression could also be evidenced by reduced 
signal intensity in immunofluorescence three days after AP induction. The paraffin-embedded mouse pancreas was stained for amylase (green), and the nuclei were 
stained in blue (dapi). The bar length corresponds to 100 μm; C: Amylase protein was analyzed with Western blotting (10% SDS-PAGE gel, cells’ total lysates) three 
days after the onset of AP; it exhibited a band at approximately 60 kDa. The results were expressed relative to Na/K-ATPase; D: LAT1-ko mice showed lower protein 
synthesis compared to the saline-injected controls, as measured by the incorporation of 3H-leucine into total protein and expressed as pmol leu/mg protein/hour three 
days after the onset of AP in female mice. Mean ± SEM, n = 3-8. Statistical analysis was conducted with ANOVA and Bonferroni and then compared, as indicated by 
the capped line. aP < 0.05; E-F: Mammalian target of rapamycin was increased, and the general control nonderepressible 2 (GCN2) pathway was not activated in 
LAT1-ko mice three days after AP; E: Phosphorylated and total S6K levels were determined with Western blotting (8% SDS-PAGE gel, cells’ total lysates) three days 
after the onset of AP; there was a band at approximately 70 kDa. The results were expressed as a ratio of phosphorylated to total protein relative to the saline-
injected controls; F: GCN2’s downstream target eukaryotic-translation-initiation factor 2α was analyzed using Western blotting (12% SDS-PAGE gel, cells’ total 
lysates) three days after the onset of AP, and a band appeared at approximately 38 kDa. The results were expressed as a ratio of phosphorylated to total protein 
relative to the saline-injected controls. Mean ± SEM, n = 5-6; G: The expression of SNAT3 was lower in female mice until seven days after the onset of AP. The 
mRNA expression of LAT2 (slc7a8), xCT (slc7a11), SNAT2 (slc38a2), SNAT3 (slc38a3), and SNAT5 (slc38a5) was analyzed via qPCR and expressed as a fold 
change in comparison with saline-injected controls three and seven days after the onset of AP. The line indicates the expression level of the control animals. Mean ± 
SEM, n = 5-10. Statistical analysis was conducted with ANOVA and Bonferroni and then compared, as indicated by the capped line. aP < 0.05, bP < 0.01, cP < 0.001; 
H: Expression of senescence markers was more accentuated in female LAT1-ko mice up until seven days after the onset of AP. The mRNA levels of p21 and p27 
were analyzed via qPCR and expressed as a fold change, which was compared to the LAT1-wt group three and seven days after the onset of AP. The line indicates 
the expression level of the LAT1-wt animals. Mean ± SEM, n = 5. Statistical analysis was conducted via an unpaired, two-tailed t-test. As indicated by the capped 
line, a comparison was then made. bP < 0.01.

did not cause compensatory upregulation of other AAT. LAT2 (slc7a8), especially, which has a similar 
substrate specificity as LAT1[52] and the capacity to activate mammalian target of rapamycin (mTOR) 
signaling[53], was not upregulated in acinar cells. This stands in contrast to constitutive muscle-specific 
ablation of LAT1 (MCK-cre slc7a5), where LAT2 mRNA was upregulated in muscle fibers[29]. We also 
investigated the potential effect of LAT2 deficiency on LAT1 expression in the pancreas, but no direct 
compensation was detected (data not shown). The expression of other AAT, which we previously 
described to be modulated during early AP induction[17], was neither influenced by LAT1 ablation nor 
the treatment with tamoxifen. To conclude, the inducible LAT1 knockout mouse model appeared to be 
adequate to study the role of LAT1 in the different phases of AP without compensation of other 
transporters in the pancreas.

LAT1 knockout mice sustained a similar injury to the wild-type 24 h after acute pancreatitis induction
The intrapancreatic activation of trypsinogen to trypsin has been suggested as an early event during AP 
and is used as a marker for the extent of injury[5]. In our study, both genotypes presented a similar 
mean increase of intrapancreatic trypsin activity, but the values in knockout mice were more variable 
than in wild-types. Intrapancreatic activation of trypsinogen is controlled by the interplay of cathepsin 
B, cathepsin D, and cathepsin L[40,54,55] localized in the lysosomes of acinar cells and also released by 
leukocytes[41]. The specific ablation of cathepsin D in leukocytes has a pronounced effect on 
trypsinogen activation during AP, suggesting the reduced neutrophil recruitment we observed in LAT1-
ko mice might have contributed to the variability in trypsin activation. Nonetheless, mice with deficient 
neutrophil recruitment can develop AP and only present a stalled increase of plasma lipase[56]. In our 
model, the reduced number of neutrophils did not delay or depress plasma injury markers. Plasma 
levels of lipase and amylase were equally changed in both genotypes and confirm that LAT1 ablation 
did not culminate in less severe injury. We describe for the first time that LAT1 expression affects 
leukocyte recruitment, while the importance of LAT1 expression for the activation of macrophages[57,
58] and T-cells[22] has already been recognized.

Further, we did not observe a variation of macrophage markers between the genotypes, but a sex 
difference appeared. Female mice presented diminished expression of macrophage markers in the early 
injury phase. Moreover, mRNA for IL-1β and IL-6 in female LAT1-ko mice was reduced 24 h after AP 
induction. This possibly corresponded with a lower number of monocytes and the missing transporter 
activity on these cells. Yet, LAT1 genotypes displayed the same indicators of AP, implying that the 
disease developed in the presence of fewer neutrophils and macrophages. As we applied a whole-body 
knockout, the effects of immune cells' LAT1 expression on inflammatory processes during AP overlap 
with the significance of this AAT in acinar cells. We envisage future studies to focus on the impact of 
LAT1 in pancreatic acinar cells with a conditional inducible knockout for LAT1, specifically in these 
secretory cells.

LAT1 ablation interfered with the mTOR pathway and regeneration of acinar cells in the early injury 
phase 24 h after acute pancreatitis induction
Another established characteristic of AP is the reduced pancreatic function evidenced by a decreased 
protein synthesis[43]. In acinar cells, the synthesis of digestive enzymes is regulated through the mTOR 
pathway[59] and amino acid availability[60]. The initial inhibition of the mTOR pathway, decreased 
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Figure 8 Female LAT1-ko mice presented with higher levels of fibrosis and expression of markers thereof. A: Female LAT1-ko mice presented 
with larger areas of fibrosis. Masson’s trichrome staining (left) and quantification (right) of fibrosis in the pancreas three days after the onset of acute pancreatitis (AP). 
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A score from 0 to 5 was attributed to each section in a blinded fashion, which was dependent on the extent of the fibrosis. The Bar length corresponds to 100 μm. 
Mean ± SEM, n = 4-6. Statistical analysis was conducted with ANOVA and Bonferroni and then compared, as indicated by the capped line. aP < 0.05; B-D: Female 
LAT1-ko mice exhibited enhanced activation of pancreatic stellate cells (PSC) compared to their littermates; B: Immunohistochemistry (left) and quantification (right) 
for smooth muscle actin (SMA) in the pancreas three days after the onset of AP. A score from 0 to 3 was attributed to each section in a blinded fashion depending on 
the signal intensity of the SMA staining. The paraffin-embedded mouse pancreas was stained for SMA (red) and the nuclei were stained in blue (dapi). The bar length 
corresponds to 50 μm. Mean ± SEM, n = 5; C: SMA that was indicative of activated PSC was also analyzed with Western blotting (12% SDS-PAGE gel, cells’ total 
lysates from female mice) three days after the onset of AP; this process led to a band being exhibited at approximately 42 kDa. The results were expressed relative to 
β-tubulin. Mean ± SEM, n = 3-6. Statistical analysis was conducted by ANOVA and Bonferroni and then compared, as indicated by the capped line. bP < 0.01, cP < 
0.001; D: The marker for non-activated stellate cells of vimentin was less expressed in the female LAT1-ko mice. Vimentin was also analyzed by Western blotting 
(10% SDS-PAGE gel, cells’ total lysates from female mice) three days after the onset of AP and showed a band at approximately 57 kDa. The results were expressed 
relative to β-tubulin. Mean ± SEM, n = 3. Statistical analysis was conducted with ANOVA and Bonferroni and then compared, as indicated by the capped line. aP < 
0.05; E: Female LAT1-ko mice showed an elevated expression of markers for fibrosis and similar markers for macrophages when compared to male mice on day 
three. The mRNA levels of collagen 4α (coll4α), SMA, vimentin, transforming growth factor β, interleukin 10, F4/80, and CD206 were analyzed via qPCR and 
expressed as a fold change in comparison with LAT1-wt mice three and seven days after the onset of AP. The line indicates the expression level of LAT1-wt animals. 
Mean ± SEM, n = 5. Statistical analysis was conducted via an unpaired, two-tailed t-test, and a comparison was then made, as indicated by the capped line. aP < 
0.05, cP < 0.001.

protein synthesis, and activation of autophagy have been shown as crucial for the dedifferentiation 
process. The following reactivation of the mTOR pathway allows cells to proliferate and differentiate 
and supports tissue repair[15]. In our model, mTOR reactivation 24 h after AP induction was less 
pronounced in LAT1-ko mice. As shown in other cell types, LAT1 works as a sensor for extracellular 
amino acid availability and upstream regulator of mTOR[25,58]. LAT1 ablation can inhibit this pathway
[61], and our results suggest that LAT1 knockout partially blocked the reactivation of mTOR. Moreover, 
the GCN2 intracellular sensing pathway for amino acid availability was found enhanced after AP. 
GCN2 decreases general protein synthesis to reduce energy expenditure and induces upregulation of 
genes such as AAT (LAT2, xCT, SNAT3) and stress markers (activating transcription factor 4 (ATF4), 
CHOP, CHAC1)[45]. The induction of the starvation pathway via GCN2 was activated in both 
genotypes and was higher in female mice. More than that, we found certain sex differences between the 
regulation of GCN2 downstream genes during the early injury phase 24 h following the onset of AP. 
While SNAT3 and ATF4, C/EBP homologous protein (CHOP), and Glutathione Specific Gamma-
Glutamylcyclotransferase 1 (CHAC1) (data not shown) behaved equally for all genotypes and sexes, 
LAT2 and xCT expression varied between female and male mice. These results imply that GCN2 
downstream regulation in acinar cells is sex-dependent, as previously observed for mTOR[62]. Besides 
sex, distinctive regulation of the mTOR pathway depending on age and tissue type has been found in 
mice. Notably, in the liver and heart, mTOR is more enhanced in fasted female than male mice, while 
activation in muscle and fat revealed no sex difference. A better understanding of mTOR and GCN2 
pathway regulation in the pancreas according to sex and age may be helpful to comprehend 
regeneration processes in different situations and influences of other components such as AAT.

Another source of amino acids during starvation arises through the activation of autophagy. 
Autophagy plays an important role during regeneration[15], and inhibited or defective autophagy can 
eventually delay this process[63]. We observed indicators of abnormally large autolysosomes (high 
LC3II/LC3I ratio) in female LAT1-ko mice and accumulation of cargo protein (p62) characteristic of 
defective autophagy in AP[64,65]. These results suggest that female LAT1-ko mice especially did not 
manage to compensate for the less activated mTOR pathway by increasing the catabolism of pre-
existing proteins. To summarize, LAT1-ko mice showed blunted activation of the mTOR pathway and 
enhanced amino acid starvation accentuated in female mice with indicators of dysfunctional autophagy. 
Even though AP injury itself was not more severe, the ablation of LAT1 weakened the initial 
mechanisms that sustain regeneration in acinar cells.

Ablation of LAT1 leads to slower regeneration identified three to seven days after acute pancreatitis 
induction
We followed up for seven days to evaluate if the initial blunted metabolic adaptation observed in LAT1-
ko mice influenced later regeneration steps. LAT1-ko mice, particularly females, presented accentuated 
weight loss and recovered more slowly than their LAT1-wt littermates. The knockout of LAT1 was 
induced by tamoxifen, which is known to change fat composition in female but not in male mice[66]. 
The enhanced weight loss in female LAT1-ko mice cannot be explained by tamoxifen alone since female 
LAT1-wt were likewise treated with the drug and did not present the same sustained weight loss. In 
addition to tamoxifen effects, the reduction in digestibility and absorption of nutrients generally taking 
place during AP[67] might have accounted for the more severe weight loss in females.

When it comes to functional pancreatic integrity, the transcription factor mist1 warrants further 
attention. Mist1 is highly expressed in a mature pancreas and governs digestive enzymes[68]. In 
rodents, transcription of digestive enzymes and differentiation marker mist1 decreases after AP 
induction[9,20]. Upon AP, mist1 expression is temporarily silenced to allow functional reduction, 
dedifferentiation, proliferation, and regeneration to occur[10]. Indeed, female LAT1-ko mice did not 
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Figure 9 LAT1 ablation affects the initial metabolic adaptation that is necessary for the efficient repair after acute pancreatitis. Acinar cells 
have a pyramidal shape and display a typical secretory machinery with a well-developed rough endoplasmic reticulum (RER) and Golgi apparatus (Golgi), which are 
localized to the perinuclear region, as well as lysosomes (Lys). In the apical region, digestive enzymes are stored in zymogen granules (ZG). A: Amino acid 
transporters (AAT) are expressed on the basolateral membrane of acinar cells and are responsible for the transportation of amino acids into the cells to maintain the 
synthesis of secreted enzymes; this is so they can be used as an energy source and to guarantee cell growth and regeneration after injury. LAT1 exchanges leucine 
(Leu) with other neutral amino acids (nAA), and the amino acid flow acts as an upstream regulator of the mammalian target of rapamycin (mTOR) pathway, which 
regulates protein synthesis and enables cell differentiation/survival. Morphology, enzyme expression, and other AAT expressions did not differ between healthy LAT1 
wild-type (LAT1-wt, white, left-hand panel) and healthy LAT1 knockout (LAT1-ko, gray, right-hand panel) mice over the period observed in this study; B: During the 
early phase of AP, the remaining acinar cells entered a metabolic arrest, dedifferentiated, and temporarily reduced their secretory phenotype. An increase in 
autophagy (AL, autolysosome), followed by the re-activation of the mTOR pathway is decisive for the later steps of regeneration. LAT1 expression is maintained on 
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acinar cells of LAT1-wt mice in this early phase, and it plays a role in the reactivation of mTOR. In LAT1-ko mice, the massive reduction of secretory enzyme 
expression was accompanied by markers of defective autophagy and a less-efficient activation of mTOR; C: Three days after the initial injury, LAT1-ko acinar cells 
were less differentiated and presented more areas of acinar-to-ductal metaplasia (ADM), expressed less secretory enzymes, and showed increased fibrosis. The 
delayed regeneration observed in acinar cells lacking LAT1 suggests that this occurred as a result of the improperly activated early metabolic response after injury.

recover mist1 expression until the end of the experiment. In agreement with the lower expression of 
differentiation markers, the expression of amylase indicative of pancreatic function was reduced 
compared to their female and male littermates. In humans, exocrine pancreatic insufficiency can 
develop even after milder episodes of AP, increasing the risk of malnutrition and malabsorption for 
prolonged periods after AP[69]. This process might have been amplified in female mice, where the 
ablation of LAT1 slowed the recovery of exocrine function after AP induction.

Mist1 is also an upstream regulator of the AAT SNAT5[9,70]. SNAT5 behaved as amylase and did not 
regain its normal expression level until the end of the experiment. This finding suggests that SNAT5 
may play a role in protein synthesis, although knockout of this AAT did not induce changes in pancreas 
function or morphology of healthy mice[71]. In contrast to SNAT5, the AAT xCT and SNAT2 were still 
overexpressed three days after AP induction in all groups. They are known to be influenced by different 
cellular stress pathways. xCT expression is modulated by the master regulator of oxidative stress 
nuclear factor erythroid 2-related factor 2 (nrf2)[72], which was likewise elevated in all groups (data not 
shown). SNAT2 expression is controlled by the GCN2-ATF4 starvation pathway[73], which was 
increased in the earlier stages during AP. Interestingly, SNAT3 was overexpressed three days after AP 
induction in our model as well, but only in male mice. Since SNAT3 is influenced by androgens[74], the 
increased expression of this transporter might have an endocrine cause. Our results show that the 
expression of AAT during the regeneration phase varied, as observed for the early injury after AP 
induction. Thus, the regulation of AAT seems to be multifactorial, and a certain degree of sexual 
dimorphism in amino acid metabolism is present, as observed in the liver[75].

Further, mist1 directly controls the senescence marker p21 in acinar cells[76], which was enhanced 
during AP, especially in female LAT1-ko up to seven days. Overexpression of p21 has been correlated 
with the development of fibrosis[77], which can occur transiently during tissue regeneration and 
prolong recovery from AP[78,79]. Fibrosis is usually accompanied by the activation of PSC and the 
deposition of extracellular matrix (ECM) proteins[80]. Accordingly, we observed that female LAT1-ko 
mice presented higher deposition of ECM and showed higher activation of PSC, despite tamoxifen 
treatment. Tamoxifen is known to reduce PSC activation in the liver[81] and pancreas[82], especially in 
males[83]. Cae- and saline-injected mice from both genotypes and sexes were treated with tamoxifen to 
minimize the outcome in our setup. Thus, tamoxifen alone did not account for the difference in PSC 
activation and ECM synthesis. This implies that the delayed recovery in female mice was mainly caused 
by LAT1 ablation.

The maintenance or resolution of fibrosis is also regulated by metalloproteases released by specific 
populations of macrophages[49]. Throughout the phases of acute inflammation to recovery, the 
macrophage profile changes from M1- to M2-like, with M1 active during the early injury and M2 
playing a role during regeneration. The ablation of macrophages in the early injury phase protects the 
tissue, while the ablation of macrophages three days after injury delays regeneration[84]. Interestingly, 
female LAT1-ko mice exhibited indicators of fewer macrophages in the tissue during the initial injury 
phase but partially recovered macrophage markers by day three. Moreover, the marker for M2 
macrophages did not differ between LAT1-ko females and males. This implies that macrophages were 
not solely responsible for the increased ECM deposition in female LAT1-ko.

Finally, although we know that acinar cells can activate PSC[85], it remains unexplored whether 
changes in acinar cells' amino acid metabolism can influence the microenvironment and promote PSC 
activation or ECM deposition. Insight into these mechanisms might advance the understanding of 
pancreatic disease with future clinical implications.

CONCLUSION
Altogether, we showed that the ablation of LAT1 (slc7a5) affects the initial metabolic adaptation 
necessary for the efficient repair after AP, finally delaying regeneration and enhancing fibrosis 
(Figure 9A-C). This study revealed important elements for a better understanding of repair processes in 
pancreatic tissue after AP. Equally significant, with gender medicine evolving in diverse fields[86], 
including in the clinical setting of AP[87,88], we suggest that a higher consideration of sex differences 
with separate evaluation of female and male specimens should also be established in pre-clinical studies 
of AP.
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ARTICLE HIGHLIGHTS
Research background
As a highly metabolically active organ, the pancreas depends on a constant supply of amino acids to 
synthesize digestive enzymes and for use as an energy source. This multifunctionality is reflected in the 
broad range of expressed amino acid transporters (AAT). Furthermore, after acute injury, the organ is 
capable of regeneration. Following acute pancreatitis (AP), acinar cells change their metabolic and 
functional state, initially dedifferentiating, increasing proliferation, and finally restoring their secretory 
function. AAT that are expressed in pancreatic acinar cells might play an additional role, which involves 
controlling the transcription of secreted enzymes and thus influencing the course of pancreatic disease 
and regeneration. LAT1 works as a sensor for extracellular amino acid availability and is an upstream 
regulator of the mammalian target of rapamycin pathway. This transporter is overexpressed in highly 
proliferative cells. Additionally, our previous study showed that LAT1 is expressed in acinar cells and 
that LAT1 expression in the early phase of AP is maintained in a different way to other AAT.

Research motivation
Lasting pancreatic disease is often detrimental to the quality and duration of life. Despite the high 
incidence of AP, there are no specific treatments, yet understanding pathophysiological processes is a 
crucial part of enabling future studies on preventative and therapeutic options. The role of AAT in this 
process is not comprehensively understood. Their pattern of expression may indicate that necessary 
metabolic adjustments are needed to meet the requirements for regeneration and reconstitution of 
function, which could be used as a supportive intervention during treatment.

Research objectives
The focus of the present study was to analyze metabolic alterations in the pancreas during acute inflam-
mation by concentrating on the role of LAT1. The degree of initial injury as well as the course of 
regeneration were studied to investigate the significance of LAT1.

Research methods
To investigate the role of LAT1, an inducible knockout mouse model was applied, and the course of 
caerulein- (cae-) induced AP was studied in line with the phases of injury through to regeneration. 
Moreover, we analyzed the function of acinar cells and several markers of dedifferentiation and 
metabolic pathways.

Research results
The absence of LAT1 did not cause more severe injury during AP, but it did alter early metabolic 
adaptation. Consequently, differentiation and the function of acinar cells in LAT1 knockout mice were 
reduced, which influenced the regeneration phase. A sex-related difference was also revealed: female 
mice sustained more pronounced cell dedifferentiation and fibrosis.

Research conclusions
LAT1 supports the regeneration of pancreatic acinar cells after AP via metabolic adaptation, influencing 
their differentiation as well as their recovery of function and phenotype. The knocking out of LAT1 had 
a more accentuated effect in female mice, suggesting that a sex-dependent dimorphism in AAT is 
present in the pancreas.

Research perspectives
Future studies should focus on the role of AAT and metabolic pathways in acinar cells by using 
conditional knockout models. An acinar-cell conditional knockout or overexpressing mouse model will 
allow us to analyze the effect of AAT, specifically in pancreatic cells, without affecting their expression 
in immune cells, which play an important role in the development of AP. Additionally, induction 
methods other than tamoxifen should be tried, and sex-dependent differences as well as the influence of 
age should be further considered. These models will enable a better understanding of the metabolic 
mechanisms, guaranteeing the survival of acinar cells after different insults.
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