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Abstract: Objectives: In this study, we investigated the effects of intravenous glutamine
(GLN) administration on the Toll-like receptor 3 (TLR3) antiviral pathway and leukocyte
migration in mice with poly(I:C)-induced acute lung injury (ALI). Methods: There were
four groups in this study: the NC group, mice without an intratracheal injection; the SH
group, mice intratracheally injected with endotoxin-free saline; the PS group, intratra-
cheally instilled with 3 mg poly(I:C) /kg body weight (BW), followed by an intravenous (IV)
injection of saline; and the PG group, intratracheally injected with poly(I:C) followed by the
IV administration of 0.75 g GLN/kg BW. Mice in the SH, PS, and PG groups were sacrificed
at 4,12, and 24 h after intratracheal instillation. Results: The results showed that poly(I:C)
stimulation decreased the plasma GLN concentration and increased inflammatory cytokine
levels. In bronchoalveolar lavage fluid, concentrations of interferon A3 and percentages
of macrophages and M1 macrophages decreased, while neutrophils increased along with
significantly elevated myeloperoxidase activity in lung tissues. The gene expressions
of molecules related to leukocyte migration increased, whereas tight/adherens junction
expressions in endothelial and epithelial cells were reduced. GLN supplementation upreg-
ulated the mRNA and/or protein expressions of TLR3 antiviral pathway-related factors
and tight/adherens junctions while reducing inflammatory cytokines and the expressions
of leukocyte migration molecules. Histological results also showed that lung injury was
attenuated. Conclusions: These findings indicated that intravenous GLN administration
after poly(I:C) instillation restored plasma GLN levels and alleviated ALI by activating
the TLR3 antiviral pathway, suppressing leukocyte migration and neutrophil infiltration,
mitigating inflammation, and improving the integrity of the alveolar-capillary barrier.

Keywords: glutamine; alveolar—capillary barrier; TLR-3 pathway; interferon A3; tight/adherens
junction

1. Introduction

Acute lung injury (ALI), classified as mild or moderate acute respiratory distress
syndrome (ARDS), is a causation of morbidity and mortality in critically ill patients [1].
Viral respiratory tract infections caused by RNA viruses, including influenza viruses
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and coronaviruses, are common pathogens leading to ALI [2]. The excessive release of
proinflammatory mediators, damage to the alveolar—capillary barrier, and the migration of
accumulated immune cells to the alveoli are causes that result in ALI [3].

Macrophages and neutrophils play crucial roles in modulating inflammatory responses
during lung infections [4]. Macrophages in the lungs can eliminate foreign molecules by
phagocytosis and maintain pulmonary immune homeostasis by regulating inflammatory
responses and tissue repair [3,5]. Neutrophils are the most abundant leukocytes in the
circulation and are regarded as the first line of defense in innate immunity [6]. Prompted
by chemokines released from injured pulmonary tissues, neutrophils are initially recruited
to the site of inflammation to defend against pathogens [7]. Activated neutrophils may
even delay the apoptotic pathway to extend their half-lives [8]. However, prolonged over-
activation of neutrophils may lead to a vicious cycle by producing reactive oxygen species
(ROS), granular enzymes, and proinflammatory cytokines that ultimately result in alveolar—
capillary barrier injury and ALI [7]. Strategies aimed at maintaining the homeostasis of
macrophages and neutrophils during lung infections are important to ameliorate ALL

Toll-like receptors (TLRs), specifically TLR-3, play pivotal roles in recognizing viruses.
TLR-3 is expressed by immune cells, fibroblasts, and epithelial cells, allowing them to recog-
nize double-stranded (ds)RNA, an intermediate during viral replication [9]. Upon recogniz-
ing its ligands, TLR-3 initiates the Toll-interleukin (IL)-1 receptor (TIR)-domain-containing
adapter-inducing interferon (IFN)-{3 (TRIF, also known as TICAM-1)-dependent signaling
pathway. The activation of this pathway stimulates the expression of the IFN-regulatory
factor 3 (IRF3) transcription factor, which results in the induction of IFN gene transcription
and subsequent downstream proinflammatory chemokine production [9], which provides
protection against viral infections. A previous study found that TLR-3-deficient mice had
an impaired antiviral immune response during acute retroviral infections [10].

Glutamine (GLN) is the predominant free amino acid found in the plasma and tissue
pool. Under normal circumstances, the body can produce GLN, which is a non-essential
amino acid. However, during catabolic states such as trauma, infection, surgery, or critical
illness, GLN becomes essential for supporting immunomodulatory, antioxidative, and anti-
inflammatory properties. In these situations, GLN is classified as a conditionally essential
amino acid [11]. In metabolic functions, GLN, as a source of nitrogen and carbon, plays
a central role in nitrogen transport, facilitating the shuttle of nitrogen between different
tissues. Additionally, GLN is involved in the tricarboxylic acid cycle, where it provides en-
ergy for cells, particularly immune cells, during stressful conditions. For this reason, GLN
is also referred to as an immunonutrient [12]. A prior clinical trial demonstrated that GLN
supplementation lowers the rate of infection, the length of hospital stays, and mortality and
ameliorates inflammation in critically ill patients [13]. An animal study indicated that GLN
administration impairs neutrophil migration into infection sites by reducing the concentra-
tions of chemotactic factors [14]. Former studies carried out by our laboratory also revealed
that GLN supplementation modulates the polarization of T cell subsets, alleviates local and
systemic inflammation, and thus ameliorates lung injury [15-18]. However, the favorable
effects of GLN in the above-mentioned studies were derived from models of lipopolysaccha-
ride (LPS)- or polymicrobial peritonitis-induced sepsis [14-18]. Innate immune responses
against LPS or live Gram-negative bacterial pathogens work mostly by activating the TLR4
signaling pathway [19], which is distinct from the virus-recognizing TLR-3 pathway. At
present, the potential mechanism of GLN interventions against virus-induced ALI is still
unclear and needs to be evaluated. Polyinosinic-polycytidylic acid (poly(I:C)) is a synthetic
dsRNA known to activate the TLR-3 pathway which triggers antiviral and inflammatory
responses [20]. In this study, intratracheal poly(I:C) was injected to induce ALI in mice. This
animal model simulates human respiratory viral infections and enables the evaluation of
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nutrient interventions on molecular mechanisms in virus-induced ALIL The impacts of the
administration of intravenous (IV) GLN after poly(I:C) injection on TLR-3 pathway-related
antiviral responses were evaluated. Also, populations of macrophages and neutrophils,
as well as inflammatory mediators in bronchoalveolar lavage fluid (BALF) were analyzed.
Once a respiratory tract infection occurs, leukocyte migration to the endothelium and
epithelium is regulated by adhesion molecules and chemokine receptors [21]. The overex-
pression of these adhesion-associated proteins promotes the interaction of leukocytes and
endothelial cells and leukocytes and epithelial cells, which results in barrier damage and
tissue injury [21,22]. Therefore, we isolated leukocytes, endothelial cells, and epithelial cells
from lung tissues so as to explore the role of GLN administration in leukocyte migration in
this model. We hypothesized that GLN administration would activate the TLR-3 antiviral
pathway, decrease leukocyte migration, and alleviate intratracheal poly(I:C)-induced ALIL

2. Materials and Methods
2.1. Animals

Six-week-old male C57BL/6 mice were obtained from the National Laboratory Animal
Center (NLAC, Taipei, Taiwan). All mice were raised in an environment with consistent
humidity (55% =+ 2%) and temperature (22 £ 2 °C), as well as a 12 h light/dark cycle. A
standard rodent chow diet (cat. no. 5001, Purina Mills, St. Louis, MO, USA) was given
ad libitum for 2 weeks before and throughout the experiment. The procedures in these
experiments were approved by the Institutional Animal Care and Use Committee of Taipei
Medical University (LAC2022-0227 and LAC2022-0229).

2.2. Experimental Procedures

After 2 weeks of adaptation, the mice were randomly allocated to four groups. The
mice that received an intratracheal injection were anesthetized by an intraperitoneal (IP)
injection of zoletil (25 mg/kg body weight (BW), Virbac, Carros, France) combined with
rompun (10 mg/kg BW, Bayer, Leverkusen, Germany). An intratracheal injection was
carried out to directly penetrate the tracheal lumen using a 30-gauge (30 G) insulin syringe
(cat. no. 328838, BD, Franklin Lakes, NJ, USA). Intratracheal poly(I:C) (cat. no. tlrl-pic,
InvivoGen, San Diego, CA, USA) was injected to induce ALI with 50 pL of endotoxin-free
saline at a dosage of 3 mg/kg BW, followed by 100 pL of air to ensure consistent distribution
into the lungs [23]. Mice intratracheally injected with 50 pL of endotoxin-free saline served
as the sham controls. Afterward, half of the poly(I:C) group was administered an IV
injection of 0.75 g GLN/kg BW (20% Dipeptiven, Fresenius Kabi Austria, Graz, Austria)
via a tail vein immediately after the intratracheal injection, while the other half was given
an equal volume of saline. The dosage of GLN used in this study was proven to be safe, has
immunomodulatory effects, and was found to decrease abdominal sepsis-induced distal
organ injury [15,17,18,24]. After surgery, the animals were rehydrated with 4 mL/kg of
sterile saline and kept warm using a heater until the mice regained consciousness. All the
mice had free access to water and chow. Pain management included administering 100 uL
of 0.25% bupivacaine at the incision site before closing the skin. There were four groups in
this study: (1) the normal control group (NC, n = 15): normal mice without an intratracheal
injection which were sacrificed simultaneously with the sham group; (2) the sham group
(SH, n = 16): mice intratracheally injected with endotoxin-free saline and sacrificed at 4 h
after the injection; (3) the PS group: mice intratracheally injected with poly(I:C) and IV
saline administered immediately after the poly(I:C) injection; and (4) the PG group: mice
intratracheally injected with poly(I:C) and IV GLN administered immediately after the
poly(I:C) injection. Mice in the PS and PG groups were sacrificed at 4, 12, and 24 h after
poly(I:C) instillation (with n = 17 or 18 at each time point). All mice were sacrificed by
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cardiac puncture according to the experimental schedule. Upon sample collection, the
mice in each group were separated into two subgroups. Half of the mice were used for
collecting BALF, and the other half were used to harvest complete lung tissues without
flushing. Plasma was obtained via centrifugation from blood and stored at —80 °C. The
superior lobe of lung tissues was used for the histopathological analysis, and the remaining
parts were stored at —80 °C for further analysis. BALF was collected via a 22G IV catheter
(cat. no. SR-OX2225CA, Terumo, Tokyo, Japan) inserted into the trachea and flushed with
900 uL of ice-cold phosphate-buffered saline (PBS), followed by flushing twice with 1 mL of
PBS to acquire the remaining cells in the alveoli. Supernatants were obtained from the first
flush via centrifugation for 10 min at 4 °C and 1000 rpm. Cells were resuspended in PBS
for flow cytometry. After flushing, lung tissues were collected and washed with ice-cold
PBS in a 10 cm Petri dish for dissociation.

2.3. Quantification of GLN Concentration in Plasma

Ten-microliter plasma samples were used and processed using a Waters AccQ-Tag
derivatization kit (cat. no. 186003836, Waters, Milford, MA, USA). The ACQUITY UPLC
System (Waters) was employed for separation via ultraperformance liquid chromatography
(UPLC). Monitoring was conducted using a Xevo TQ-XS mass spectrometer (Waters). GLN
concentrations were measured with the Waters MassLynx 4.2 software and quantified
using TargetLynx.

2.4. Concentrations of Inflammatory Cytokines and Chemokines in Plasma

The concentrations of inflammatory markers, including the macrophage inflammatory
protein (MIP)-2, keratinocyte-derived chemokine (KC), tumor necrosis factor (TNF)-o, and
interleukin (IL)-6, were determined via enzyme-linked immunosorbent assay (ELISA) kits
(cat. nos. MKC00B, MM200, M6000B, and MHSTAS50, R&D Systems, Minneapolis, MN,
USA), with procedures performed in accordance with the supplier’s guidelines.

2.5. Populations of Macrophages and Neutrophils in BALF

Cells obtained from BALF were resuspended in PBS and then prepared with a
LIVE/DEADTM Fixable Near-IR (infrared) Dead Cell Stain kit (cat. no. 134975, Invit-
rogen, Carlsbad, CA, USA) to remove non-viable cells. Viable cells were further stained for
the cluster of differentiation 45.2 (CD45.2) with Pacific blue (PB, cat. no. 109820, Biolegend,
San Diego, CA, USA), F4/80-brilliant violet 711 (BV711, cat. no. 123147, Biolegend), CD80-
phycoerythrin (PE, cat. no. 104707, Biolegend), and Ly-6G-fluorescein (FITC, cat. no. 127605,
Biolegend), which are the respective markers of leukocytes, macrophages, M1 macrophages,
and neutrophils. The fluorescence minus one (FMO) control was applied for gating the
cell population (Figure S1). Leukocytes, macrophages, M1 macrophages, and neutrophils
were, respectively, expressed as CD45.2*, CD45.2* /F4/80%, CD45.2* /F4 /80" /CD80*, and
CD45.2* /Ly-6G™ cells.

2.6. Isolating Leukocytes, Endothelial Cells, and Epithelial Cells from Lung Tissues

After collecting BALF, lung tissues were dissociated via a mouse lung dissociation
kit (no. 130-095-927, Miltenyi Biotec, Bergisch Gladbach, Germany) and a gentleMACS
Dissociator (no. 130-096-427, Miltenyi Biotec). Procedures followed instructions provided
by the manufacturer. First, an enzyme mix (2.4 mL of 1x buffer S, 100 uL of enzyme D,
and 15 pL of enzyme A) was prepared in a gentleMACS C tube (no. 130-093-237, Miltenyi
Biotec). A lung was cut into single lobes in a Petri dish containing PBS. Then, single lobes
were transferred to a C tube containing 2.515 mL of the enzyme mix; the gentleMACS
Dissociator was applied, and the 37C_m_LDK_1 Program was run. At the end of the
program, the sample was spun down, applied to a MACS SmartStrainer (70 um, 130-098-
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462, Miltenyi Biotec), and washed with 2.5 mL of 1x buffer S. The cell suspension was
centrifuged for 10 min at 300x g. Cell pellets were collected, resuspended in PBS, and
stained with the LIVE/DEADTM Fixable Near-IR Dead Cell Stain kit (cat. no. L34975,
Invitrogen) to eliminate dead cells. After washing with the cell staining buffer (no. 420201,
Biolegend), cells were stained with the CD45.2, CD31, and CD326 antibodies, which are the
respective markers of leukocytes, endothelial cells, and epithelial cells. After incubation
and washing, cells were sorted using BD FACS Arialll (BD Biosciences, San Jose, CA, USA).
Leukocytes, endothelial cells, and epithelial cells were, respectively, identified as CD45.2%,
CD45.27 /CD31"%, and CD45.2~ /CD326™ cells.

2.7. Concentrations of Inflammatory Cytokines and Chemokines in BALF

KC, MIP-2, IL-6, TNF-«, interferon (IFN)-f3 (respective cat. nos. MKC00B, MM200,
M6000B, MTAO0B, and MIENBO, R&D Systems), and IFN-A3 (cat. no. 88-7284-22, Invit-
rogen) were analyzed using ELISA kits. These analyses were performed according to
instructions provided by the manufacturer. The Bradford protein assay reagent (cat. no.
5000006, Bio-Rad, Hercules, CA, USA) was used for protein quantification. All results were
corrected according to protein concentrations and expressed as pg/mg protein.

2.8. Protein Expression of Phosphorylated (p)-IRF3 in Lung Tissues

Lung tissues (30 mg) were lysed in the Tissue Protein Extraction Reagent (cat. no.
78510, T-PER™, ThermoFisher Scientific, Waltham, MA, USA) with a protease and phos-
phatase inhibitor (cat. no. 78442, ThermoFisher Scientific) to extract total protein. Following
centrifugation for 10 min at 4 °C and 12,000 rpm, supernatants were collected for further
analysis. Protein concentrations were quantified as described above. In total, 200 pg of
protein was subjected to an analysis of p-IRF3 using a PathScan® RP Phospho-IRF-3 (Ser379)
Sandwich ELISA Kit (cat. no. 54395, Cell Signaling, Danvers, MA, USA). Analyses were
conducted following the supplier’s guidance. Results are expressed as optical density (OD)
values measured at 450 nm.

2.9. The Preparation of Messenger (m)RNA and Analysis of a Real-Time Reverse-Transcription
(RT) Quantitative Polymerase Chain Reaction (gPCR)

The total RNAs of leukocytes, endothelial cells, and epithelial cells isolated from
lung tissues were extracted via an RNeasy Mini Kit (cat. no. 74106, Qiagen, Hilden,
Germany). A RevertAid™ first-strand complementary (c)DNA synthesis kit (cat. no. K1622,
ThermoFisher Scientific) was applied for cDNA synthesis from total RNA according to
guidance provided by the manufacturer. mRNA expressions were amplified via an RT-PCR
through a QuantStudio™ 1 Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA) with the SYBR® Green Reagent (ThermoFisher Scientific). The genes involved in this
study include factors related to the TLR-3 pathway, such as IFN-stimulated gene 15 (ISG15)
and ubiquitin-specific peptidase 18 (LISP18). Additionally, leukocyte migration-associated
factors were examined, including p2-integrin, C-X-C motif chemokine receptor 2 (CXCR2),
intercellular adhesion molecule 1 (ICAM-1), galectin-9, and CD47. The study also focused on
factors related to endothelial and epithelial integrity, specifically claudin-5, claudin-18.1,
and vascular endothelial (VE)-cadherin. Primers used in this study are presented in Table
51 and were obtained from Mission Biotech (Taipei, Taiwan) based on deposited cDNA
sequences (GenBank database, NCBI). According to the supplier’s guidance, the Maxima
SYBR Green/ROX qPCR Master Mix (2x) (ThermoFisher Scientific) with 200 ng of cDNA
and 200 nM of each primer was used for amplification. Subsequently, a final dissociation
curve (DC) analysis was performed. Relative mRNA expressions were analyzed using
cycle threshold (CT, 2-AACY values and normalized to mouse GAPDH.
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2.10. Analysis of Myeloperoxidase (MPO) Activities in Lung Tissues

Lung tissues (10 mg) were used and lysed in the buffer from the Myeloperoxidase
Activity Assay Kit (cat. no. Ab105136, Abcam, Cambridge, MA, USA). Supernatants
were collected for an MPO activity analysis according to the protocol provided by the
manufacturer. Protein concentrations were determined using the Bradford protein assay
reagent (cat. no. 5000006, Bio-Rad). Data are expressed as mU/mg of protein.

2.11. Hematoxylin and Eosin (H&E) Staining and Histopathological Scoring of Lung Tissues

The superior lobe of lung tissues was fixed in 10% neutral-buffered formalin. After
processing through serial dehydration, specimens were paraffin-embedded and sliced into
3 um thick sections. Slides were stained with H&E and viewed with optical microscopy.
Images were captured at 400x magnification. The lung injury score was determined
based on four parameters including immune cell infiltration, alveolar or interstitial edema,
hemorrhaging, and septal thickening. We used single-blind slide reading to calculate the
injury score. Each parameter was scored 0-3 points (0 represents no lesion, 1 represents
1-10% of the area affected, 2 represents 11-25% of the area affected, and 3 represents 25-45%
of the area affected). The total score ranged from 0 to 12.

2.12. Statistical Analysis

Data are expressed as the mean =+ standard error of the mean (SEM). Statistical analyses
were performed using the GraphPad Prism 5 software (GraphPad Software, La Jolla, CA,
USA). Student’s t-test was used to analyze differences between the NC and SH groups. A
two-way analysis of variance (ANOVA) followed by a Bonferroni post hoc test was used
to analyze differences among the SH, PS, and PG groups at each time point. A p value of
<0.05 was considered statistically significant.

3. Results
3.1. BWs and Weights of Lung Tissues/BW Ratio

There were no significant differences in BWs among all groups during the experimental
period. In the PS group, the lung tissue weight adjusted for body weight (lung/BW ratio)
was significantly higher than that in the SH group at both 12 and 24 h. However, no
statistically significant differences were observed between the PS and PG groups at any
time point (Table S2).

3.2. Concentration of GLN in Plasma

There were no differences in plasma GLN levels between the NC and SH groups.
However, the PS group had lower GLN levels than the SH group at 4 and 12 h. Additionally,
PG showed significantly higher GLN levels than the PS group at both time points (Figure 1).
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Figure 1. Glutamine concentrations in plasma. NC group, the normal control group; SH group,
intratracheally administered saline; PS group, administered poly(I:C) intratracheally and an IV
injection of saline; PG group, administered poly(I:C) intratracheally and an IV injection of glutamine.
Data are expressed as the mean =+ standard error of the mean (SEM). The differences between the NC
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and SH groups were analyzed using Student’s t-test. A two-way analysis of variance (ANOVA)
followed by a Bonferroni post-hoc test was used to analyze the differences among the SH and PS
groups at three time points and between the PS and PG groups at identical time points. * Significantly
different from the SH group (p < 0.05). * Significantly different from the PS group at the identical
time point (p < 0.05).

3.3. Concentrations of KC, MIP-2, IL-6, and TNF-« in Plasma

The sham operation did not increase the levels of inflammatory cytokines in the plasma.
After poly(I:C) stimulation, the concentrations of KC were significantly increased at 4 and
24 h, IL-6 at 4 h, MIP-2 at 4 and 12 h, and TNF-« at all time points. GLN administration
significantly decreased the levels of these parameters (Figure 2).
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Figure 2. Concentrations of inflammatory chemokines and a cytokine in plasma. NC group, the nor-
mal control group; SH group, intratracheally administered saline; PS group, administered poly(I:C) in-
tratracheally and an IV injection of saline; PG group, administered poly(I:C) intratracheally and an IV
injection of glutamine. IL-6, interleukin-6; KC, keratinocyte-derived chemokine; MIP-2, macrophage
inflammatory protein 2; TNF-«, tumor necrosis factor-«. Data are expressed as the mean + standard
error of the mean (SEM). The differences between the NC and SH groups were analyzed using
Student’s t-test. A two-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test was
used to analyze the differences among the SH and PS groups at three time points and between the
PS and PG groups at identical time points. T Significantly different from the PS group at three time
points (p < 0.05). * Significantly different from the SH group (p < 0.05). # Significantly different from
the PS group at the identical time point (p < 0.05).

3.4. Concentrations of Chemokines and Cytokines in BALF

The sham operation did not affect chemokines and cytokines levels in the BALF.
Poly(I:C) stimulation significantly increased the concentrations of KC at 24 h, MIP-2 at all
three time points, IL-6 at 12 and 24 h, and TNF-« at 12 h compared to those of the SH group.
The PG group had significantly lower KC and IL-6 levels at 24 h and TNF-« at 12 h than
those in the PS groups after poly(I:C) stimulation (Figure 3A). Compared to the SH group,
IFN-A3 levels were lower at all time points after poly(I:C) stimulation. For groups treated
with poly(I:C), the PG group had higher levels of IFN-f at 12 h and IFN-A3 at 12 and 24 h
than the PS groups (Figure 3B).
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Figure 3. Concentrations of (A) inflammatory chemokines and cytokines and (B) antiviral cytokines in
bronchoalveolar lavage fluid (BALF). NC group, the normal control group; SH group, intratracheally
administered saline; PS group, administered poly(I:C) intratracheally and an IV injection of saline;
PG group, administered poly(I:C) intratracheally and an IV injection of glutamine. IL-6, interleukin-6;
IFN-j3, interferon-3; IFN-A3, interferon-A3; KC, keratinocyte-derived chemokine; MIP-2, macrophage
inflammatory protein 2; N.D., not detected; TNF-«, tumor necrosis factor-o.. Data are expressed as
the mean = standard error of the mean (SEM). The differences between the NC and SH groups were
analyzed using Student’s t-test. A two-way analysis of variance (ANOVA) followed by a Bonferroni
post-hoc test was used to analyze the differences among the SH and PS groups at three time points and
between the PS and PG groups at identical time points. * Significantly different from the PS group
at three time points (p < 0.05). * Significantly different from the SH group (p < 0.05). # Significantly
different from the PS group at the identical time point (p < 0.05).

3.5. Distributions of Leukocytes, Macrophages, M1 Macrophages, and Neutrophils in BALF

An illustration of the strategy for gating leukocytes, macrophages, and neutrophils in
flow cytometry is shown in Figure 4A. The R1 region indicated that the cells were gated to
eliminate debris. Next, live cells were selected using a cell viability dye from the R1 region,
as shown in the orange square in panel (b). In panel (c), the antibody CD45 was utilized
to identify leukocytes among the live cells, with the blue square highlighting CD45" cells.
Subsequently, Ly6G and F4/80 antibodies were applied to gate neutrophils (CD45" /Ly6G™")
and macrophages (CD45" /F4/80") in panel (d), respectively. Finally, panel (e) displays
the CD45.2* /F4/80" /CD80* cells that were selected from the CD45* /F4 /80" population
identified in panel (d). The percentages of macrophages were significantly lower at all
time points in the PS group compared to the SH group; however, there were no significant
differences between the PS and PG groups at each time point. The population of M1
macrophages in the SH group was significantly higher than that in the PS group at 12 and
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24 h. Nevertheless, at 12 and 24 h, the percentage of M1 macrophages in the PS group was
lower than that in the PG group after poly(I:C) stimulation. In contrast, the percentages
of neutrophils were significantly elevated following poly(I:C) stimulation. Compared to
the PS group, the percentages of neutrophils in the PG group decreased after poly(I:C)
stimulation (Figure 4B).
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Figure 4. (A) Representative illustration of the strategy for gating leukocytes, macrophages, and neu-
trophils using flow cytometry. The cells were first gated to eliminate the debris (a). The live cells were
chosen via cell viability dye (b). Then the antibody CD45 was used to determine leukocytes in the
live cells (c). Ly6G and F4/80 were applied to gate neutrophils and macrophages, respectively, in the
leukocytes (d). Among macrophages, the antibody CD80 was utilized to determine M1 macrophages
(e). (B) Percentages of macrophages, M1 macrophages, and neutrophils in bronchoalveolar lavage
fluid (BALF). Leukocytes, macrophages, M1 macrophages, and neutrophils were, respectively, identi-
fied as CD45.2*, CD45.2* /F4/80%, CD45.2* /F4/80* /CD80*, and CD45.2* /Ly6—G* cells. NC group,
the normal control group; SH group, intratracheally administered saline; PS group, administered
poly(I:C) intratracheally and an IV injection of saline; PG group, administered poly(I:C) intratra-
cheally and an IV injection of glutamine. Data are expressed as the mean =+ standard error of the
mean (SEM). The differences between the NC and SH groups were analyzed using Student’s ¢-test. A
two-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test was used to analyze
the differences among the SH and PS groups at three time points and between the PS and PG groups
at identical time points. * Significantly different from the PS group at three time points (p < 0.05).
* Significantly different from the SH group (p < 0.05). * Significantly different from the PS group at
the identical time point (p < 0.05).
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3.6. mRNA Expressions of Leukocyte Migration-Related Factors in Lung Leukocytes, Endothelial
Cells, and Epithelial Cells

The sham operation had no impact on the mRNA expression of migration indicators
compared to the PS group across all time points. mRNA expressions of p2-integrin and
CXCR2 in leukocytes, ICAM-1 in endothelial cells, and galectin-9, CD47, and ICAM-1
in epithelial cells in the PS group were significantly higher than those in the SH group
at all three time points. Compared to the PS group, all these factors were significantly
downregulated in the PG group at some or all three of the time points after poly(I:C)
stimulation (Figure 5).
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Figure 5. Messenger (m)RNA expressions of leukocyte migration-related factors in (A) leukocytes,
(B) endothelial cells, and (C) epithelial cells of the lungs. NC group, the normal control group; SH
group, intratracheally administered saline; PS group, administered poly(I:C) intratracheally and an IV
injection of saline; PG group, administered poly(I:C) intratracheally and an IV injection of glutamine.
CD47, cluster of differentiation 47; CXCR2, C-X-C motif chemokine receptor 2; ICAM-1, intercellular
adhesion molecule-1. Data are expressed as the mean + standard error of the mean (SEM). The
differences between the NC and SH groups were analyzed using Student’s t-test. A two-way analysis
of variance (ANOVA) followed by a Bonferroni post-hoc test was used to analyze the differences
among the SH and PS groups at three time points and between the PS and PG groups at identical
time points. T Significantly different from the PS group at three time points (p < 0.05). * Significantly
different from the PS group at the identical time point (p < 0.05).
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3.7. mRNA Expressions of TLR-3 Pathway-Related Factors and Protein Expressions of p-IRF3 in
Lung Tissues

After stimulation with poly(I:C), the protein levels of p-IRF3 were significantly higher
in the PS group compared to the SH group at 4 h. Compared to the PS group, the PG group
at both 4 and 12 h showed a significant increase (Figure 6A). Additionally, the mRNA
expression of ISG15 in the PS group was significantly upregulated compared to the SH
group at both 12 and 24 h. The mRNA expression of USP18 also increased at 12 and 24 h
post-poly(I:C) induction compared to that in the SH group. In contrast, ISG15 and USP18
were significantly upregulated in the PG group at 4 and 12 h when compared to the PS
group (Figure 6B).
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Figure 6. (A) Protein expressions of phosphorylated IFN-regulatory factor 3 (p-IRF3) and messenger
(m)RNA expressions of (B) Toll-like receptor 3 (TLR-3) pathway-related factors ISG15 and USP18 in
lung tissues. NC group, the normal control group; SH group, intratracheally administered saline; PS
group, administered poly(I:C) intratracheally and an IV injection of saline; PG group, administered
poly(I:C) intratracheally and an IV injection of glutamine. ISG15, interferon-stimulated gene 15;
TRIE, Toll-IL-1 receptor (TIR)-domain-containing adapter-inducing IFN-f; USP18, ubiquitin-specific
peptidase 18. Data are expressed as the mean + standard error of the mean (SEM). The differences
between the NC and SH groups were analyzed using Student’s t-test. A two-way analysis of variance
(ANOVA) followed by a Bonferroni post-hoc test was used to analyze the differences among the
SH and PS groups at three time points and between the PS and PG groups at identical time points.
* Significantly different from the SH group (p < 0.05). # Significantly different from the PS group at
the identical time point (p < 0.05).
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3.8. mRNA Expressions of Adherens and Tight Junction Proteins in Lung Endothelial and
Epithelial Cells

In endothelial cells, the mRNA expression of claudin-5 at all time points, as well as
VE-cadherin at 12 h and 24 h, was higher in the SH group compared to that in the PS group.
GLN administration reversed the downregulated expressions of claudin-5 and VE-cadherin
after poly(I:C) stimulation (Figure 7A). As for epithelial cells, poly(I:C) stimulation sig-
nificantly reduced the mRNA expression of claudin18.1, whereas GLN administration
significantly reversed the expression of claudin18.1 to levels comparable to those in the SH
group (Figure 7B).
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Figure 7. Messenger (m)RNA expressions of tight/adherens junction proteins in (A) endothelial and
(B) epithelial cells of lung tissues. NC group, the normal control group; SH group, intratracheally
administered saline; PS group, administered poly(I:C) intratracheally and an IV injection of saline; PG
group, administered poly(I:C) intratracheally and an IV injection of glutamine. VE-cadherin, vascular
endothelial cadherin. Data are expressed as the mean + standard error of the mean (SEM). The
differences between the NC and SH groups were analyzed using Student’s t-test. A two-way analysis
of variance (ANOVA) followed by a Bonferroni post-hoc test was used to analyze the differences
among the SH and PS groups at three time points and between the PS and PG groups at identical
time points. * Significantly different from the PS group at three time points (p < 0.05). * Significantly
different from the SH group (p < 0.05). * Significantly different from the PS group at the identical
time point (p < 0.05).

3.9. Histopathological Findings of Lung Tissues

MPO activities in the PS group were significantly higher than those in the SH group,
while the PG group had significantly lower MPO activities than the PS group at 12 and 24 h
after poly(I:C) stimulation (Figure 8A). Compared to the SH group, poly(I:C) stimulation
increased immune cell infiltration, edema in the alveolar or interstitial space, hemorrhaging,
and septal thickening. Poly(I:C) instillation significantly increased lung injury scores, while
GLN treatment significantly reduced lung injuries (Figure 8B).
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Figure 8. (A) Myeloperoxidase (MPO) activities, (B) representative images of hematoxylin and eosin
(H&E) staining (magnification, x400), and histopathology scores of lung tissues. Blue, yellow, red,
and green arrows represent immune cell infiltration, alveolar or interstitial edema, hemorrhage,
and septal thickening, respectively. NC group, the normal control group; SH group, intratracheally
administered saline; PS group, administered poly(I:C) intratracheally and an IV injection of saline; PG
group, administered poly(L:C) intratracheally and an IV injection of glutamine. Data are expressed as
the mean =+ standard error of the mean (SEM). The differences between the NC and SH groups were
analyzed using Student’s t-test. A two-way analysis of variance (ANOVA) followed by a Bonferroni
post-hoc test was used to analyze the differences among the SH and PS groups at three time points and
between the PS and PG groups at identical time points. © Significantly different from the PS group
at three time points (p < 0.05). * Significantly different from the SH group (p < 0.05). * Significantly
different from the PS group at the same time point (p < 0.05).

4. Discussion

Virus-induced pneumonia and ARDS are highly related to mortality in critically ill
patients [25,26]. In this study, poly(I:C) intratracheal instillation was used to mimic ALI
triggered by viral infection. The findings indicated that GLN administration alleviated
poly(I:C)-induced inflammation and enhanced barrier junction expression, and histological
findings suggest that lung injury was attenuated. The activation of the TLR-3-antiviral
pathway and a reduction in neutrophil immigration may play regulatory roles in mitigating
poly(I:C)-induced ALL
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In this study, we analyzed the populations of neutrophils and macrophages in BALE.
In the early stage of respiratory infection, alveolar macrophages are activated to produce
proinflammatory mediators and recruit neutrophils to the site of inflammation. However,
overactivated macrophages may lead to apoptosis and programmed necrotic cell death that
result in immune dysfunction and organ injury [27,28]. A previous study also reported that
there was a negative correlation between the viral load and macrophage activation, and the
depletion of resting macrophages was found in response to a respiratory viral infection [29].
Meanwhile, the responses of M1 macrophages were also suppressed. M1 macrophages
play a critical role in reducing viral replication by producing ROS and cytokines during
viral infections [30,31]. Our findings did show decreased percentages of total and M1
macrophages as well as elevated neutrophils after poly(I:C) stimulation. In this study,
leukocyte migration-associated factors were measured. Leukocyte chemotaxis into the
lungs plays a key role in the pathogenesis of ALIL During respiratory infections, chemokines
are secreted from alveolar macrophages and other cells in the alveolar environment, which
in turn results in leukocyte migration into the pulmonary interstitium. There are intercellu-
lar interactions between leukocytes and the capillary endothelium, as well as leukocytes
with the alveolar epithelium. The interrelationship of inflammatory cytokines, adhesion
molecules, chemokines, and their receptors orchestrate the recruitment of leukocytes into
the lungs [32]. Human IL-8, along with its murine functional equivalents, KC and MIP-2,
is a potent inducer of leukocyte migration into inflamed tissues [33,34]. CXCR2 on the
leukocyte surface is activated by KC and MIP-2 and promotes the adherence of 32-integrin
to ICAM-1 expressed on the surface of endothelial cells, which facilitates leukocyte ex-
travasation into the interstitial space [35,36]. The transepithelial passage of neutrophils
from the interstitium into alveoli depends on several molecules that are involved with
adhesion, migration, and post-migration detachment. Galactin-9 is an epithelial-derived
factor that attracts neutrophils to attach to epithelial cells across the epithelium via the
regulation of CD47 and ICAM-1 [37,38]. CD47, a transmembrane protein expressed by
neutrophils and epithelial cells, participates in neutrophil trafficking to the lungs [37].
ICAM-1 on the surface of alveolar epithelial cells is one of the ligands for integrins that
are involved in leukocyte post-migration retention/detachment [37]. The findings of this
study revealed that GLN administration downregulated the poly(I:C)-induced expression
of chemotactic molecules expressed by leukocytes, the endothelium, and the epithelium,
suggesting that leukocyte migration decreased. Neutrophil infiltration into the alveoli is a
key characteristic of ALI significantly contributing to disease progression. Upon activation,
neutrophils release MPO, an enzyme that catalyzes the production of hypochlorous acid
(HOCI), a potent oxidant. HOCI induces oxidative stress and tissue damage, exacerbat-
ing pulmonary inflammation and worsening clinical outcomes. MPO serves as a reliable
biomarker for evaluating the extent of lung tissue injury [39,40]. Our findings indicate
that GLN administration following poly(I:C) stimulation resulted in reduced MPO activity
and lower neutrophil infiltration within lung tissues, suggesting a protective role against
excessive immune responses. These results indicate the potential of GLN as a therapeutic
intervention for mitigating neutrophil-mediated lung injury in ALI.

Viral infection activates the TLR-3 signaling pathway and the phosphorylation of
IRF-3, which leads to its translocation to the nucleus. p-IRF3 induces type I and type
III IFN gene transcription [9]. Both type I and type III IFNs enhance the production of
numerous interferon-stimulated genes (ISGs) [41]. ISGs can induce antiviral responses by
inhibiting viral replication and spread, stimulating immune cells, and promoting infected
cell death [42]. IFN-f is a subtype of type I IEN. Type I IEN signaling can be triggered by the
binding of IFN-f3 to the IFN-«/ 3 receptor which subsequently modulates ISG transcription.
ISG15 is one of the most commonly induced genes by type I IFN signaling, and it plays a
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critical role in defending against viral infections [43]. USP18 is an ISG15-specific protease
which negatively regulates type I IFN signaling [44]. A previous study reported that
intracellular ISG15 is not only responsible for antiviral immunity but also prevents USP-
dependent IFN-«/ 3 over-amplification and auto-inflammation [45]. Compared to type
I IENs, type III IFNs exhibit a longer-lasting antiviral state and fewer proinflammatory
responses [42]. An animal study demonstrated that type I IFNs are essential for controlling
the spread of systemic viral infections, while type III IFNs are sufficient to protect against
respiratory viral infections confined to the lung epithelium [46]. IFN-A3 is one of the type
III TFNs that promotes the expression of ISGs and contributes critically to the maintenance
of respiratory mucosal integrity. IFN-A3 offers localized immune protection, primarily
focusing on epithelial cells to strengthen the barrier function and prevent viral entry,
thereby minimizing systemic inflammation [47,48]. In this study, GLN administration after
poly(I:C) stimulation resulted in significantly higher p-IRF3 levels, elevated IFN-f5 and IFN-
A3 concentrations in BALF, and the upregulation of type I IFN signaling pathway-related
ISG15 and USP18 at the early stage after stimulation. Since ISG15 expression can inhibit the
over-inflammation exerted by USP18, it is proposed that USP18 expression is suppressed
in the late phase of ALI [45]. These findings suggest that GLN may have antiviral and
anti-inflammatory capacities after ALI induction.

The compromised integrity of the alveolar—capillary barrier contributes to ALI. Neu-
trophil migration, excessive inflammation, oxidative stress, and cytotoxic mediators result
in the loss of the integrity of the alveolar—capillary barrier [1]. The alveolar—capillary
barrier is a thin membrane in the lungs composed of the capillary endothelium, a basement
membrane, and the alveolar epithelium. The integrity of the capillary endothelium is main-
tained by the adherens junction protein VE-cadherin, which promotes cell adhesion and
stabilizes the pulmonary endothelium. This stabilization is crucial for regulating vascular
permeability and the extravasation of leukocytes [49]. Claudin-5, a tight junction protein,
also plays a key role in controlling vascular permeability. Adherens and tight junctions are
interconnected and share common features. Adherens junctions develop during the initial
stages of intercellular contact and are essential for the formation of tight junctions [50]. In
cases of acute lung injury, proinflammatory cytokines such as IL-6 and TNF-« stimulate the
phosphorylation of VE-cadherin. This process leads to the disruption and misalignment of
both VE-cadherin and Claudin-5, resulting in gaps between endothelial cells and a compro-
mise of the barrier function [51]. In this experiment, the PG group exhibited lower plasma
and BALF levels of IL-6 and TNF-« compared to the PS group. This phenomenon may help
alleviate the disruption of VE-cadherin and Claudin-5 structures, thereby preserving the
integrity of the capillary endothelium following poly(I:C)-induced lung injury. Claudin18.1
is a tight junction protein highly expressed by the alveolar epithelium. A previous study
reported that mice lacking claudin18.1 exhibited a loss of epithelial integrity and lung
injury [52]. Our results demonstrated that poly(I:C) stimulation downregulated the ex-
pressions of adherens/tight junction proteins on the capillary endothelium and alveolar
epithelium, while GLN improved the integrity of the alveolar—capillary barrier in ALL

Several mechanisms may be involved in the favorable effects of GLN administra-
tion after poly(I:C) stimulation. First, GLN reversed the depletion of plasma GLN levels,
modulated a more balanced leukocyte distribution, and decreased leukocyte immigration.
GLN is an essential substrate for rapidly proliferating immune cells. Previous studies
found that cytokine secretion and the phagocytic capacity of neutrophils depend on GLN
availability [53,54]. GLN promotes the antiviral function of M1 macrophages by boosting
nitric oxide levels through increased arginine production [55]. Furthermore, GLN is able
to protect neutrophils against apoptosis and inhibit migration to infection sites without
inducing over-inflammation [14,56]. It is proposed that GLN provides more fuel sources
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to fulfill immune cell demands during viral infections. Second, GLN activated the TLR-
3-signal pathway by upregulating type I and type III IFN-associated components that
possessed an antiviral capacity and prevented excessive inflammation. A previous study
found that GLN can inhibit NF-kB activation and downstream target gene expressions,
thus preventing the occurrence of ARDS [57]. In addition, GLN is one of the ligands of
peroxisome proliferator-activated receptor-y which has anti-inflammatory properties [58].
Reduced inflammatory mediator levels in BALF showed that the inflammatory response
had been attenuated in the lungs. Third, GLN administration improved the integrity of
the alveolar—capillary barrier. An in vitro study found that GLN alleviated ROS-induced
apoptosis in intestinal epithelial cells by regulating glutathione redox homeostasis [59].
A previous study showed that GLN supplementation attenuated ethanol-induced bron-
choalveolar epithelial permeability and had a protective effect against alveolar epithelial
barrier dysfunction [60]. GLN serves as the precursor for the endogenous antioxidant glu-
tathione [61]. Since inflammation and oxidative stress can compromise pulmonary barrier
function, a reduction in the production of inflammatory mediators may help maintain
normal capillary barrier function. Histological evidence also indicated that lung injury was
less severe after poly(I:C) stimulation when GLN was administered. In this study, various
different markers involving inflammation, TLR-3 signaling, neutrophil infiltration, and
barrier integrity were evaluated at three time points post-poly(I:C). Since the metabolic
changes after poly(I:C) instillation for each specific marker differ, the influences of the GLN
intervention may not be comparable among groups at different time points. However,
there is a consistency that GLN administration reduces inflammation, activates the TLR-3
antiviral pathway, decreases neutrophil infiltration, and improves barrier integrity in the
lungs at either one or all time points after poly(I:C) stimulation.

This study has two major limitations that should be addressed in future research. First,
while the study used poly(I:C) to mimic the TLR-3 pathway activated by single-stranded
RNA (ssRNA) viruses, real viral infections involve several critical stages: attachment,
penetration, uncoating, replication, assembly, and egress. Each of these stages presents
unique challenges for the immune system. Therefore, future research should focus on using
actual viral infections to evaluate the effects of GLN. Second, in this experimental design,
GLN was administered immediately one hour after the lung was insulted with poly(I:C).
However, in a clinical setting, patients typically present post-infection and may have severe
symptoms. We suggest that GLN should be given to patients as early as possible, but
further studies are needed to demonstrate that GLN supplementation can also be effective
even at the severe stage of lung infection.

5. Conclusions

In summary, the findings indicate that poly(I:C) stimulation led to inflammation,
neutrophil infiltration, and impaired barrier integrity in the lungs. The IV administration
of GLN after poly(I:C) stimulation ameliorated the inflammation and injury in the lung
by activating the TLR-3 antiviral signaling pathway, inhibiting neutrophil infiltration, and
enhancing alveolar—capillary barrier integrity. (The proposed mechanisms are presented
in Figure 9). These findings provide foundational insights and suggest that a single dose
of IV GLN administration after respiratory virus infection may have potential therapeutic
significance in mitigating systemic inflammation and modulating ssSRNA virus-related
TLR-3 pathway-induced acute respiratory distress syndrome or other critical illnesses.
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Figure 9. Illustration of the potential mechanisms of glutamine (GLN) administration after poly(I:C)
stimulation. The red arrow indicates the effects of poly(I:C) stimulation, while the blue arrow
illustrates the effects of GLN administration following poly(I:C) stimulation. ALI, acute lung injury;
BW, body weight; GLN, glutamine; IFN-3, interferon-3; IFN-A3, interferon-A3; IL-6, interleukin-6;
ISG15, interferon-stimulated gene 15; IT, intratracheal injection; KC, keratinocyte-derived chemokine;
MIP-2, macrophage inflammatory protein-2; p-IRF3, phosphorylated interferon-regulatory factor
3; MPO, myeloperoxidase; TNF-«, tumor necrosis factor-«; USP18, ubiquitin specific peptidase 18;
VE-cadherin, vascular endothelial cadherin.
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Abbreviations

The following abbreviations are used in this manuscript:

ALI Acute lung injury

ARDS Acute respiratory distress syndrome
BALF Bronchoalveolar lavage fluid

BW Body weight

CXCR2 C-X-C motif chemokine receptor 2
dsRNA Double-stranded RNA

ELISA Enzyme-linked immunosorbent assay
GLN Glutamine

H&E Hematoxylin and eosin

ICAM-1 Intercellular adhesion molecule 1

IFN Interferon

IL Interleukin

IRF3 IFN-regulatory factor 3

ISG15 IFN-stimulated gene 15

v intravenous

KC Keratinocyte-derived chemokine

LPS Lipopolysaccharide

MIP-2 Macrophage inflammatory protein-2
MPO Myeloperoxidase

PBS Phosphate-buffered saline

ROS Reactive oxygen species

TLR Toll-like receptor

TNF-« Tumor necrosis factor-o

TRIF Toll-interleukin-1 receptor-domain-containing adapter-inducing interferon-3
UPLC Ultraperformance liquid chromatography
USP18 Ubiquitin-specific peptidase 18

VE-cadherin  Vascular endothelial-cadherin
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