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Abstract. Streptococcus pneumoniae (SP) infection often 
leads to persistent lung injury even after antibiotic treatment. 
Despite this phenomenon, the mechanisms underlying host 
cell recovery remain poorly understood. Upon breaching 
the epithelial barrier, SP primarily targets the pulmonary 
interstitial cells, which constitute the major mesenchymal 
component of the lung. These cells serve as essential effectors 
of tissue repair, extracellular matrix remodeling and epithelial 
restoration. Therefore, a feline pulmonary interstitial cell 
(FCA‑L2) model of SP infection was established to investigate 
the protective effects of glutamine (GLU) and fish collagen 
peptides (FCP) through integrated transcriptomic and metabo‑
lomic analyses. Cells were infected with SP (0.05 McFarland 
units for 4 h) and then treated with doxycycline (7.5 µg/ml for 
18 h) followed by GLU (40 mM) or FCP (500 µg/ml). Notably, 
SP infection increased lactate dehydrogenase (LDH) release 
by 3.5‑fold, induced secretion of IL‑1β, TNF‑α and IL‑8, 
disrupted tight‑junction proteins (claudin, ZO‑1 and occludin) 
and caused oxidative imbalance and apoptosis despite antibi‑
otic (doxycycline) treatment. However, treatment with GLU 
or FCP significantly reduced LDH release by ~40%, restored 
junctional proteins, suppressed inflammatory cytokines 
and enhanced antioxidant enzyme activities. Multi‑omics 
analysis revealed that GLU promoted amino acid biosynthesis 
and energy metabolism and suppressed aminoacyl‑tRNA 

synthetases and cell‑cycle regulators, thereby enhancing 
metabolic adaptability. By contrast, FCP activated amino 
and nucleotide sugar metabolism, increased polyunsaturated 
fatty‑acid synthesis and supported glycocalyx repair and 
membrane reconstruction. GLU and FCP provided comple‑
mentary metabolic and structural protection, which mitigated 
post‑infectious stress and promoted cellular recovery. The 
findings of the present study underscore the potential of 
bioactive food‑derived compounds as adjunctive therapies that 
may accelerate lung tissue repair and enhance the efficacy of 
conventional antibiotics.

Introduction

Inflammatory lung injury is a notable cause of acute respira‑
tory disease and mortality commonly induced by bacterial 
pathogens [such as Streptococcus  pneumoniae (SP) and 
Staphylococcus aureus], viral pathogens (such as SARS‑CoV‑2 
and influenza) or mixed infections (1,2). SP remains the leading 
bacterial pathogen in community‑acquired pneumonia (CAP). 
CAP is frequently associated with severe complications, such 
as parapneumonic effusion, empyema, necrotizing pneu‑
monia and acute respiratory distress syndrome (ARDS) (3,4). 
In veterinary practice, SP is increasingly recognized as a 
pathogen contributing to feline lower respiratory tract infec‑
tions (5). Despite the effectiveness of antibiotics in pathogen 
clearance, residual lung injury and secondary inflammation 
often persist post‑infection, as exemplified by post‑COVID‑19 
pulmonary syndromes (2,6). The sequelae as a result of bacte‑
rial pneumonia are characterized by endothelial and epithelial 
cell death, junctional disruption and leukocyte infiltration, 
which ultimately impair nutrient and gas exchange  (7‑10). 
These outcomes highlight a notable gap in the understanding 
of host recovery mechanisms beyond microbial eradication.

Although extensive studies have elucidated the pathogen‑
esis of pneumonia and antimicrobial strategies, the resolution 
phase, particularly the mechanisms of host cellular recovery 
following infection, has received less attention. Alveolar 
epithelial regeneration, macrophage turnover and metabolic 
reprogramming in tissue repair are essential in ARDS, venti‑
lator‑induced lung injury and post‑viral pneumonia (6,11,12). 
However, to the best of our knowledge, specific investigations 
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upon SP‑induced epithelial or mesenchymal injury and the 
ensuing host‑driven reparative responses remain scarce. 
Notably, systematic analysis of post‑SP metabolic reprogram‑
ming and membrane repair, especially in felines, is lacking.

Glutamine (GLU) is a conditionally essential amino acid 
that plays notable roles in redox homeostasis, nucleotide 
biosynthesis and immunoregulation under stress or injury. 
GLU preserves epithelial barrier integrity and prevents oxida‑
tive damage in pulmonary and intestinal models  (13‑16); 
however, its efficacy in bacterial pneumonia, especially its role 
in coordinating metabolic recovery, redox balance and cell 
survival after SP‑induced lung damage, remains undefined.

Fish collagen peptides (FCP) are bioactive oligopeptides 
derived from enzymatically hydrolyzed marine byproducts 
possessing promising regenerative and anti‑inflammatory 
properties. FCP acts by inhibiting MAPK pathways, activating 
mannose receptors and modulating Wnt/β‑catenin signaling, 
and has demonstrated benefits in epithelial repair, skin regen‑
eration and macrophage polarization  (17‑21). Nonetheless, 
to the best of our knowledge, their role in bacterial lung 
infections, including their reparative or synergistic effects in 
SP‑induced epithelial damage, is unexplored.

Pulmonary interstitial cells of mesenchymal lineage play a 
notable role in lung tissue repair, extracellular matrix (ECM) 
remodeling and epithelial recovery following injury  (22). 
Epithelial cells are the primary targets of bacterial infection, 
but mesenchymal cells are indispensable in the subsequent 
repair processes. Mesenchymal cells synthesize ECM compo‑
nents, such as collagen, cadherins, claudins and fibronectin, 
which are essential for tissue regeneration and structural 
restoration after damage (23). Moreover, they promote epithe‑
lial recovery through paracrine signaling, secreting growth 
factors and cytokines that stimulate epithelial cell prolifera‑
tion, migration and restoration of barrier integrity (22,24,25). 
The interaction between mesenchymal and epithelial cells 
during the repair process is crucial for maintaining lung 
function after infection. Mesenchymal cells thus serve as an 
ideal in vitro model for investigating reparative mechanisms 
during the post‑infectious recovery phase following bacterial 
lung injury because of their central role in tissue regeneration 
and ECM remodeling. Their ability to modulate inflammation, 
ECM composition and cell‑cell interactions directly influences 
the resolution of infection‑induced damage and supports lung 
tissue recovery.

In the present study, a feline pulmonary mesenchymal cell 
model (FCA‑L2) of SP infection was established, followed 
by integrative transcriptomic and metabolomic analyses to 
delineate the molecular landscape of infection‑induced injury 
to address the existing knowledge gaps. This study aimed to 
delineate SP‑induced injury patterns and evaluate the effi‑
cacy of GLU and FCP in promoting recovery by modulating 
metabolism, inflammation and structural restoration.

Materials and methods

Materials and reagents. L‑glutamine (GLU, purity >99%) 
and doxycycline hydrochloride (Dox, purity >98%) were 
sourced from Shanghai Macklin Biochemical Co., Ltd. Fish 
scale‑derived collagen peptides (FCP), with a molecular weight 
of <5,000 Da and peptide content >98%, were purchased from 

Hainan Huayan Collagen Technology Co., Ltd. Supplementary 
Tables SI and SII details the molecular weight distribution and 
fully hydrolyzed amino acid composition of FCP. SP (Klein) 
Chester (ATCC 6305) was acquired from the American Type 
Culture Collection. All compounds (GLU, FCP and Dox) were 
dissolved in phenol red‑free Minimum Essential Medium 
(MEM, Procell, Life Science & Technology Co., Ltd.) 
before use.

Cell culture and viability assay. Feline pulmonary interstitial 
cells (FCA‑L2), which represented fibroblast‑like stromal cells 
of mesenchymal lineage, were obtained from the PETCC cell 
bank (https://www.petcc.org/). The cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) and maintained in a humidified incubator at 
37.5˚C and 5% CO2. Cell viability was confirmed using trypan 
blue exclusion prior to experiments.

Based on published literature (26‑28) and preliminary labo‑
ratory screenings, concentration ranges for GLU (0‑80 mM) 
and FCP (0‑1,000  µg/ml) were selected to determine the 
optimal working doses. The cells were then seeded into 96‑well 
plates at a density of 3x105 cells/ml for adherence for 24 h at 
37.5˚C, after which various concentrations of GLU and FCP 
were added for an additional 24 h at 37.5˚C. Treatment media 
were subsequently removed, and 110 µl of phenol red‑free 
MEM containing 10% Cell Counting Kit‑8 (CCK‑8; Beyotime 
Biotechnology) was added to each well. The plates were gently 
shaken for 30 sec, then incubated for 2 h at 37˚C. Absorbance 
of the cells was measured at 450 nm using a microplate reader. 
Cells cultured in MEM alone (without treatment) served as the 
negative control (NC).

Lactate dehydrogenase (LDH) release assay for SP‑infected 
lung cells. The infection duration and bacterial concentration 
were optimized to establish a stable SP infection model in 
feline lung cells. LDH release was employed as a reliable indi‑
cator of membrane damage due to the interference of bacteria 
with CCK‑8 detection (29). SP (ATCC 6305) was cultured 
in brain heart infusion broth (Qingdao Hope Bio‑technology 
Co., Ltd.) at 37˚C and 5% CO2 for 24 h. The bacteria were 
harvested by centrifugation at 3,000 x g for 10 min at 4˚C, and 
the resulting pellet was resuspended in MEM. The suspension 
was then adjusted to a turbidity of 0.0‑0.05 McFarland (McF) 
units using a calibrated turbidimeter (cat. no. WGZ‑1M16100; 
Shanghai Precision Instruments, Co., Ltd.). FCA‑L2 cells 
were seeded in 96‑well plates (3x104 cells/well) and incubated 
at 37.5˚C for 24 h. A total of two control groups were estab‑
lished: A NC group (cells incubated with MEM only) and an 
NC + Dox group (cells treated with 7.5 µg/ml Dox without 
SP infection) to evaluate potential antibiotic‑induced toxicity. 
To optimize infection conditions, cells were exposed to SP at 
0.02 or 0.05 McF for 2 or 4 h. Following infection, the medium 
was replaced with MEM containing 7.5 µg/ml Dox (2x) to 
inhibit further bacterial growth, and cells were incubated for 
an additional 18 h at 37.5˚C. Furthermore, to characterize the 
temporal progression of post‑antibiotic injury, a time‑course 
experiment was performed. Cells were infected with 0.05 McF 
SP for 4 h, followed by Dox treatment (7.5 µg/ml) for 12, 18, 
24 or 30 h at 37.5˚C before supernatant collection. At each 
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designated time point, plates were centrifuged at 1,000 x g for 
5 min at 4˚C, and 100 µl of supernatant was collected.

LDH release was determined using a commercial kit (C0017; 
Beyotime Biotechnology). Briefly, LDH working solution (50 µl), 
containing lactate, iodonitrotetrazolium chloride and lipoamide 
dehydrogenase, was added to each well containing 100 µl of 
supernatant and incubated at room temperature for 30 min. 
Absorbance at 490 nm was measured using a microplate reader 
(SpectraMax; Molecular Devices, LLC).

Evaluation of pharmacological intervention. The effects of 
GLU and FCP on SP‑induced injury in FCA‑L2 cells were 
evaluated based on the LDH release. Briefly, 2x concentrations 
of GLU and FCP were prepared in MEM containing 7.5 µg/ml 
Dox (2x Dox‑MEM). FCA‑L2 cells were seeded in 96‑well 
plates (3x104 cells/well) and incubated for 24 h at 37.5˚C, after 
which 100 µl of 0.05 McF SP suspension was added and the 
cells incubated for 4 h at 37.5˚C for infection to take place. 
GLU‑ or FCP‑containing Dox‑MEM (100 µl) was then added, 
and the cells were incubated for an additional 18 h at 37.5˚C. 
Cells treated with MEM alone served as the NC, whereas 
those treated with Dox‑MEM alone served as the antibiotic 
control. Supernatants were subsequently collected for LDH 
measurement. The concentration with the greatest reduction 
in LDH release (GLU, 40 mM; FCP, 500 µg/ml) was used in 
subsequent experiments.

Collection of whole cell lysates of differentially treated 
FCA‑L2 cells. A total of four treatment groups were estab‑
lished: NC (MEM only), SP infection (SP), GLU treatment (SP 
+ GLU, 40 mM) and FCP treatment (SP + FCP, 500 µg/ml). 
FCA‑L2 cells were seeded into 6‑well plates (6x105 cells/well), 
with and without glass coverslips, and incubated at 37.5˚C for 
24 h. The cells were subsequently treated with 1 ml of 0.05 
McF SP suspension for 4 h, followed by 1 ml of Dox‑MEM 
containing 80 µM GLU or 1,000 µg/ml FCP at 37.5˚C for 
18 h. The SP group received Dox‑MEM without functional 
compounds, whereas the NC group received MEM only. Cell 
supernatants were directly collected after treatment for subse‑
quent assays. The supernatant was centrifuged at 9,400 x g for 
10 min to pellet detached cells, which were then resuspended 
in their original wells. Total protein of the FCA‑L2 cells was 
isolated using M‑PER mammalian protein extraction reagent 
(Thermo Fisher Scientific, Inc.), followed by incubation at 4˚C 
for 20 min to obtain whole‑cell lysates. Alternatively, FCA‑L2 
cells were digested with trypsin without EDTA (0.25%) and 
centrifuged together with the supernatant at 400 x g for 5 min 
to obtain whole‑cell lysates. The resulting cell pellet was used 
for apoptosis detection.

Measurement of cytokines in culture supernatants. Cytokines, 
including interleukin‑1β (IL‑1β; cat. no. ml023097‑2), inter‑
leukin‑8 (IL‑8/CXCL8; cat. no.  ml023094‑2) and tumor 
necrosis factor‑α (TNF‑α; cat. no. ml035852‑2) in the culture 
supernatants, were quantified using specific ELISA kits 
(Shanghai Enzyme‑linked Biotechnology Co., Ltd.). A sand‑
wich ELISA protocol was employed; briefly, 50 µl of each 
culture supernatant was added to 96‑well plates pre‑coated 
with capture horseradish peroxidase‑conjugated detection 
antibodies and subsequently incubated at 37˚C for 60 min. 

The plates were subsequently washed five times with PBST, 
followed by the addition of 3,3',5,5'‑tetramethylbenzidine 
substrate. After incubation for 15 min in the dark at 37˚C, the 
reaction was terminated by adding 2 M H2SO4. The absorbance 
of the mixture was recorded at 450 nm using a microplate 
reader (SpectraMax; Molecular Devices, LLC).

Measurement of tight junction proteins. The expression levels 
of tight junction‑associated proteins, including E‑cadherin 
(cat. no. ml680120), occludin (cat. no. ml847159), claudin 
(cat. no.  ml847222) and zonula occludens‑1 (ZO‑1; cat. 
no. ml847150), were determined in whole‑cell lysates using 
ELISA kits (Shanghai Enzyme‑linked Biotechnology Co., 
Ltd.), following the aforementioned procedure.

Measurement of oxidative stress markers. Oxidative stress 
was evaluated by quantifying malondialdehyde (MDA), super‑
oxide dismutase (SOD) activity, glutathione peroxidase (GPX) 
activity, total antioxidant capacity (T‑AOC) and total oxidant 
status (TOS) in whole‑cell lysates. Protein concentration was 
determined using the Pierce BCA protein assay kit (Thermo 
Fisher Scientific, Inc.). Whole‑cell lysate samples (25 µl) were 
mixed with 200 µl of BCA working solution, incubated at 37˚C 
for 30 min, and the absorbance subsequently measured at 562 nm 
using a microplate reader (SpectraMax; Molecular Devices, 
LLC). All oxidative stress assays were strictly performed in 
accordance with the manufacturer's reaction protocols. MDA 
levels were measured using a commercial thiobarbituric acid 
(TBA)‑based kit (cat. no. S0131S; Beyotime Biotechnology) 
by incubating the samples at 100˚C for 15 min, with absor‑
bance recorded at 532 nm. SOD activity was assessed using a 
commercial WST‑8 detection reagent containing WST‑8 and 
xanthine oxidase (cat. no. S0101S; Beyotime Biotechnology). 
Briefly, whole‑cell lysate samples (20 µl) were incubated with 
the detection reagent at 37˚C for 30 min, followed by measure‑
ment of the absorbance read at 450 nm. GPX activity was 
measured using a commercial DTNB colorimetric‑based kit 
(cat. no. BC1195; Beijing Solarbio Science & Technology Co., 
Ltd.). Briefly, 20 µl of cell lysate was mixed with the reaction 
working solution according to the manufacturer's instructions 
and incubated at 37˚C for 5 min, followed by the addition of 
DTNB for color development. The absorbance was recorded 
at 412 nm using a microplate reader. T‑AOC was determined 
using the Fe³+‑tripyridyltriazine (TPTZ)‑based FRAP method 
(cat. no.  BC1315‑100T/96S; Beijing Solarbio Science & 
Technology Co., Ltd.). Briefly, whole‑cell lysate samples (6 µl) 
were mixed with 180 µl of detection reagent, incubated at 
25˚C for 10 min, followed by measurement of the absorbance 
at 593 nm. TOS was quantified using a commercial kit (cat. 
no. BC6245‑100T/96S; Beijing Solarbio Science & Technology 
Co., Ltd.). Briefly, 30 µl of sample was mixed with 160 µl of 
reaction reagent 1, and the baseline absorbance at 560 nm 
was recorded. Subsequently, 10 µl of xylenol orange reagent 
(reagent 2) was added and the mixture was incubated at 37˚C 
for 5 min. The absorbance was then measured at 560 nm, and 
TOS levels were calculated according to the manufacturer's 
instructions.

Analysis of cell morphology and apoptosis. Cells on cover‑
slips from each group were fixed with 4% paraformaldehyde 
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(Beyotime Biotechnology) at 25˚C for 15  min, followed 
by staining with crystal violet solution (Qingdao Hope 
Bio‑technology Co., Ltd.) at 25˚C for 5 min. The cells were 
then rinsed thrice using PBS (2 min for each rinse), and the 
morphological features were subsequently examined under 
a light microscope (Olympus CX33; Olympus Corporation). 
Cell apoptosis was detected by staining the cell pellets from 
each group with 5 µl Annexin V‑FITC and 15 µl propidium 
iodide (PI) solution (Beyotime Biotechnology) in the dark 
for 15 min at room temperature. The cells were then centri‑
fuged at 1,000 x g for 4 min, after which a 20 µl aliquot of 
the stained suspension was mounted on a concave glass slide 
(Nantong Mevid Life Science Co., Ltd.) and examined under 
a fluorescence microscope (BDS400; Chongqing Aote Optical 
Instrument, Co., Ltd.). To quantify cell density and apoptosis 
intensity, the obtained images were analyzed using ImageJ 
software (version 1.54P; National Institutes of Health). For 
each group, the mean gray value was determined from at least 
three randomly selected fields of view. The quantitative results 
were then expressed as a percentage relative to the NC group, 
which was defined as 100%.

RNA sequencing
RNA isolation and library preparation. Total RNA was 
extracted from cell pellets of each treatment group for tran‑
scriptome sequencing. Briefly, the cells were lysed in TRIzol 
reagent (Beyotime Biotechnology), followed by phase separa‑
tion using chloroform (Shanghai Macklin Biochemical Co., 
Ltd.) and RNA precipitation using isopropanol (Shanghai 
Macklin Biochemical Co., Ltd.). RNA quantity and integrity 
were assessed using the Agilent 5400 Bioanalyzer. Samples 
with an RNA Integrity Number (RIN) ≥4.0 were considered 
qualified for subsequent analysis. Polyadenylated mRNA was 
subsequently enriched from total RNA using oligo(dT)‑conju‑
gated magnetic beads (cat. no. RK20257; ABclonal Biotech 
Co., Ltd.). cDNA libraries were constructed using the Fast 
RNA‑seq Lib Prep Kit V2 (cat. no.  RK20306; ABclonal 
Biotech Co., Ltd.) according to the manufacturer's instructions. 
First‑strand cDNA synthesis was carried out using M‑MuLV 
reverse transcriptase, followed by RNA template removal 
using RNase H and second‑strand synthesis using DNA poly‑
merase I. The resulting double‑stranded cDNA was subjected 
to end repair, A‑tailing and ligation with Illumina‑compatible 
adapters, followed by purification with AMPure XP magnetic 
beads (cat. no. RK20257; ABclonal Biotech Co., Ltd.). The 
cDNA templates were amplified by PCR using the high‑fidelity 
PCR master mix and universal primers provided in the kit (cat. 
no. RK20306; ABclonal Technology Co., Ltd.). The thermocy‑
cling conditions were as follows: Initial denaturation at 98˚C 
for 45 sec; 12‑15 cycles comprised of denaturation at 98˚C for 
10 sec), annealing at 60˚C for 15 sec and extension at 72˚C 
for 30 sec; and a final extension at 72˚C for 1 min. The gener‑
ated libraries finally underwent paired‑end sequencing on an 
Illumina NovaSeq 6000 platform (Novogene Co., Ltd.).

Dif feren t ia l  express ion analys is.  Raw reads 
were processed using fastp (v2.3; ht tps://github.
com/OpenGene/fastp/blob/master/README.md) to remove 
adapter sequences, undetermined bases and low‑quality 
reads, yielding high‑quality clean data. The clean 
reads were subsequently aligned to the Felis catus 

reference genome (Felis_catus_9.0; https://ftp.ncbi.nlm.nih.
gov/genomes/all/GCF/000/181/335/GCF_000181335.3_Felis_
catus_9.0/) using HISAT2 (v2.2; https://daehwankimlab.
github.io/hisat2/). Gene‑level read counts were obtained 
using featureCounts (v2.0; https://subread.sourceforge.
net/). Gene expression levels were normalized and quanti‑
fied using fragments per kilobase of transcript per million 
mapped (FPKM) reads. Principal component analysis 
(PCA) was performed based on FPKM values. Differentially 
expressed genes (DEGs) between groups were identified 
using the DESeq2 R package (v1.42.0; https://bioconductor.
org/packages/release/bioc/html/DESeq2.html). Raw P‑values 
were calculated and adjusted for multiple testing using the 
Benjamini‑Hochberg method. Genes with an adjusted P‑value 
(padj)≤0.05 and absolute fold change (FC)≥1.2 were considered 
significantly differentially expressed.

Gene set enrichment analysis (GSEA). GSEA was 
performed to identify biological pathways affected by various 
treatments. Notably, gene sets were annotated based on the 
Kyoto Encyclopedia of Genes and Genomes database (KEGG; 
https://www.kegg.jp/). All genes were ranked based on expres‑
sion differences between groups using the Signal2Noise 
metric. The analysis was conducted using the GSEA desktop 
application (Broad Institute; http://www.broadinstitute.
org/gsea). Enrichment scores were calculated via permutation 
testing and normalized to account for gene set size. Pathways 
with a false discovery rate <0.25 were considered significantly 
enriched.

Untargeted metabolomics analysis. Untargeted metabolomics 
profiling was performed on whole‑cell lysates from each 
treatment group using liquid chromatography‑tandem mass 
spectrometry (LC‑MS/MS). Cells were extracted with 80% 
methanol, flash‑frozen in liquid nitrogen and ground into 
powder. The ground samples were reconstituted in 10% meth‑
anol after lyophilization. Equal aliquots from all samples were 
pooled to generate a quality control (QC) sample, while 53% 
methanol was used as a blank control. Chromatographic sepa‑
ration was conducted on a ultra‑high‑performance‑LC system 
equipped with a Hypersil GOLD C18 column (Thermo Fisher 
Scientific, Inc.), followed by MS detection using a Q Exactive™ 
HF instrument (Thermo Fisher Scientific, Inc.) operating in 
both positive and negative ionization modes. Chromatographic 
separation was performed on a Hypersil GOLD C18 column 
maintained at 40˚C with a constant flow rate of 0.2 ml/min. 
The mobile phases consisted of 0.1% formic acid in water (A) 
and methanol (B). A linear gradient elution was applied as 
follows: 98% A at 0‑1.5 min, decreased to 15% A at 3 min, 
followed by 0% A at 10 min. The system returned to initial 
conditions (98% A) at 10.1 min and was re‑equilibrated until 
12 min. Mass spectrometric detection was performed in both 
positive and negative electrospray ionization modes with full 
MS scan ranges set from 100 to 1,500 m/z. The spray voltage 
was set to 3.5 kV, with a sheath gas flow rate of 35 psi and an 
auxiliary gas flow rate of 10 l/min. The capillary temperature 
was maintained at 320˚C, and the auxiliary gas heater was 
set to 350˚C. The S‑lens RF level was configured at 60. Data 
acquisition was carried out in data‑dependent MS/MS mode.

Raw data were processed using the XCMS software 
(V4.0; The Scripps Research Institute) for peak detection 
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and quantification. Metabolite identification was performed 
using Novogene In‑house Database (Novogene Co., Ltd.), 
which integrates high‑resolution MS data from established 
chemical standards and internal reference materials. Data 
preprocessing, which involved filtering of the background 
ions using blank samples and exclusion of metabolites with a 
coefficient of variation >30% in QC samples, was performed 
in Python (v3.5; Python Software Foundation). Normalization 
was performed by calculating the ratio of metabolite inten‑
sities in each sample to those in QC samples. PCA was 
conducted using metaX (v1.4.16; BGI Genomics), followed by 
a calculation of the variable importance in projection (VIP) 
scores, FC and t‑test P‑values. Metabolites with VIP≥1, P<0.05 
and FC≥1.5 or ≤0.67 were defined as significantly different. 
Volcano plots were generated using the ggplot2 package in R 
(v3.4.3; https://ggplot2.tidyverse.org/). Pathway enrichment 
analysis of differential metabolites was performed using GSEA 
software (gsea‑3.0; Broad Institute; https://www.gsea‑msigdb.
org/gsea/index.jsp).

Integrated transcriptomic and metabolomic analysis. 
Integrated analysis of transcriptomic and metabolomic data‑
sets was performed using the MetTranAnalysis module on 
the NovoMagic cloud platform (Novogene Co., Ltd.) to inves‑
tigate post‑transcriptional regulatory patterns. KEGG‑based 
co‑enrichment analysis was conducted to identify pathways 
jointly affected by DEGs and differential metabolites. Bubble 
plots of shared pathways were generated, followed by a 
determination of their statistical significance using Fisher's 
exact test (P<0.05). Gene‑metabolite correlation analysis 
was subsequently performed to strengthen the integration at 
the molecular level. Genes and metabolites belonging to the 
enriched core KEGG pathways in each comparison group 
(GLU_SP vs. SP and FCP_SP vs. SP) were selected for correla‑
tion analysis. Pearson correlation coefficients were calculated 
using the NovoMagic platform based on log2‑transformed 
normalized expression values of transcripts and metabolites. 
Correlation matrices were visualized as heatmaps to display 
the association patterns between key genes and metabolites.

Statistical analysis. Data are presented as means ± standard 
deviation (n≥4 biological replicates per group). Statistical 
analyses were performed using SPSS software (IBM Corp., 
version 26). Statistical differences among multiple groups were 
first evaluated using Levene's test to assess the homogeneity of 
variances. For datasets with equal variances, a one‑way anal‑
ysis of variance (ANOVA) followed by Tukey's post‑hoc test 
was performed. For datasets with unequal variances, Welch's 
ANOVA followed by the Games‑Howell post‑hoc test was 
employed. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Optimization of SP infection conditions. The optimal SP 
infection condition in FCA‑L2 cells was determined based on 
LDH release. As shown in Fig. 1A, LDH levels in the NC and 
NC + Dox groups were similar (100±10.10% vs. 99.54±3.90%), 
indicating that Dox had no effect on LDH release. SP infec‑
tion at a low dose (0.02 McF) for 2 and 4 h, followed by 

18 h of Dox treatment, caused only a slight increase in LDH 
(108.40‑111.72%). By contrast, high‑dose SP infection (0.05 
McF) for 4 h led to a sharp increase (352.90±12.39%) despite 
Dox treatment, indicating persistent cytotoxicity and damage. 
To further clarify the temporal characteristics of post‑antibiotic 
injury, LDH release was assessed at different time points (12, 
18, 24 and 30 h) after Dox treatment following SP infection 
(0.05 McF, 4 h) (Fig. 1B). LDH levels remained consistently 
elevated at 12 h (381.46±9.27%), 18 h (352.90±7.95%) and 
24 h (365.68±6.42%), but declined at 30 h (309.61±6.97%), 
suggesting that the 12‑24 h window represents a sustained 
injury phase. SP infection at 0.05 McF for 4 h, followed by 
18 h of Dox treatment, was selected as the standard condition 
for subsequent experiments to ensure feasibility.

GLU and FCP reduced SP‑induced LDH release. As shown in 
Fig. 1C, CCK‑8 assays demonstrated that GLU (1.25‑20 mM) 
and FCP (31.25‑500 µg/ml) had no adverse effects on FCA‑L2 
cell viability. Notably, higher concentrations (40‑80  mM 
GLU and 1,000 µg/ml FCP) demonstrated slight promotive 
effects on cell growth, confirming their safety. Consequently, 
GLU (40 and 80 mM) and FCP (500 and 1,000 µg/ml) were 
selected for subsequent efficacy evaluations. SP infection 
significantly increased LDH release to 354.80±11.12% relative 
to NC (100%) (Fig. 1D); however, treatment with GLU reduced 
LDH release to 225.86±17.42% (40 mM) and 228.05±15.29% 
(80 mM), whereas FCP treatment reduced it to 283.85±17.93% 
(500 µg/ml) and 293.67±18.07% (1,000 µg/ml). These results 
indicate that both GLU and FCP alleviated SP‑induced 
cytotoxicity.

GLU and FCP reduced the levels of SP‑induced inflammatory 
cytokines. SP infection significantly elevated the secretion of 
IL‑1β, TNF‑α and IL‑8 in the supernatant of FCA‑L2 cells 
compared with the NC group (Fig. 1E). Treatment with GLU 
(40 mM) and FCP (500 µg/ml) significantly reduced the levels 
of all three cytokines compared with SP: IL‑1β decreased 
from 96.96±4.66 pg/ml (SP) to 75.61±7.01 pg/ml (GLU + SP) 
and 72.78±3.04 pg/ml (FCP + SP); TNF‑α decreased from 
19.88±1.85 pg/ml to 16.72±1.07 and 17.77±1.19 pg/ml; and 
IL‑8 decreased from 60.02±4.47 pg/ml to 55.67±2.80 and 
55.07±3.77 pg/ml, respectively. These results suggest that both 
GLU and FCP alleviate SP‑induced inflammatory responses 
in feline lung cells, with the most prominent effect observed 
on IL‑1β.

GLU and FCP restored junction protein expression suppressed 
by SP. SP infection significantly reduced the expression of 
claudin, ZO‑1, occludin and E‑cadherin in FCA‑L2 cells 
compared with NC (Fig. 1F). However, treatment with GLU 
(40 mM) or FCP (500 µg/ml) partially reversed these reduc‑
tions. Claudin increased from 59.76  pg/mg (SP) to 74.22 
(GLU + SP) and 75.56 pg/mg (FCP + SP), ZO‑1 increased from 
395.17 to 484.65 and 494.46 ng/mg and occludin increased 
from 84.39 to 99.20 and 97.49 ng/mg, respectively. Regarding 
E‑cadherin, its expression was significantly restored by GLU 
treatment, increasing from 424.23 ng/mg in the SP group to 
465.27 ng/mg. By contrast, although FCP treatment slightly 
increased E‑cadherin levels to 432.62 ng/mg, this change did 
not reach statistical significance.
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GLU and FCP attenuated apoptosis and oxidative stress in 
SP‑infected cells. Cell morphology and apoptosis were assessed 
via crystal violet and Annexin V‑FITC/PI staining, respec‑
tively. Notably, FCA‑L2 cells in the NC group exhibited dense 
and orderly arrangement with tight intercellular connections. 
(Fig. 2A; upper and middle panels). By contrast, cells infected 
with SP exhibited increased staining intensity, reduced cell 
density and signs of shrinkage and rupture. Treatment with 
40 mM GLU or 500 µg/ml FCP restored cellular morphology, 
reduced staining intensity and enhanced cell‑to‑cell contact 
compared with SP infected cells. Quantitative analysis of the 
staining showed that the relative cell density decreased from 
100% (NC) to 75.57% after SP infection; however, treatment with 
40 mM GLU or 500 ug/ml FCP restored cell morphology and 
increased the relative density to 85.89 and 88.46%, respectively.

Annexin V‑FITC/PI staining (Fig.  2A, lower panel) 
revealed a increase in early and late apoptotic cells following 
SP infection, which was reduced by GLU and FCP treatment. 
The relative fluorescence intensity of apoptotic cells spiked 
from 100% (NC) to 712.12% (SP group). Notably, GLU and 
FCP treatment effectively mitigated this effect, reducing 
the intensity to 314.27 and 344.07%, respectively. Regards 
oxidative stress markers (Fig. 2B‑E), SP infection signifi‑
cantly elevated MDA levels and reduced SOD and GPX 
activities compared with the NC group. These alterations 
were significantly reversed by both GLU and FCP treatment. 
Although the T‑AOC/TOS ratio followed a downward trend 
after SP infection and a slight upward trend following GLU 
or FCP treatment, these changes did not reach statistical 
significance.

Figure 1. Effects of GLU and FCP on cytotoxicity, cytokine levels and tight junction protein expression in SP‑infected feline lung FCA‑L2 cells. (A) LDH 
release following SP infection at different durations and bacterial concentrations. NC: untreated cells in minimum essential medium; NC‑Dox: cells treated 
with 3.75 µg/ml Dox for 18 h; SP + 2 h + Dox and SP + 4 h + Dox: SP infection for 2 or 4 h, followed by 3.75 µg/ml Dox treatment for 18 h. (B) Time‑course 
assessment of LDH release after SP infection (0.05 McF, 4 h) followed by doxycycline treatment (3.75 µg/ml) for 12, 18, 24 or 30 h. The NC + DOX group 
represents uninfected cells treated with DOX for the corresponding duration. (C) Cell viability of FCA‑L2 cells after treatment with different concentrations of 
GLU (left) or FCP (right), assessed using the Cell Counting Kit‑8 assay. (D) LDH release after SP infection (4 h) followed by 18 h treatment with GLU or FCP 
in the presence of 3.75 µg/ml Dox. The SP group received Dox alone. (E) Levels of IL‑1β, TNF‑α and IL‑8 in the supernatant of SP‑infected cells treated with 
GLU (40 mM) or FCP (500 µg/ml). (F) Expression of tight junction proteins, including E‑cadherin, occludin, claudin and ZO‑1, after GLU or FCP treatment. 
All data are presented as mean ± standard deviation (n≥4 per group). Different lowercase letters (a‑d) indicate significant differences (P<0.05), while groups 
sharing at least one common letter show no statistically significant difference. GLU, glutamine; FCP, fish collagen peptides; SP, Streptococcus pneumoniae; 
ZO‑1, zonula occludens‑1; NC, negative control; Dox, doxycycline; McF, McFarland; LDH, lactate dehydrogenase.
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Transcriptomic analysis and DEG screening. RNA sequencing 
was performed to assess global transcriptomic changes among 
NC, SP, GLU_SP and FCP_SP groups. PCA revealed distinct 
clustering across all four groups; there was a clear separation 
between SP and NC, whereas GLU_SP and FCP_SP showed 
partial shifts in different directions (Fig.  3A). The DEG 
clustering heatmap demonstrated substantial transcriptional 
alterations after SP infection and notable expression changes 
following GLU or FCP treatment (Fig. 3B). Venn analysis 
revealed 13,052 commonly expressed genes across groups, 
along with subsets of uniquely regulated genes in each treat‑
ment (Fig. 3C). SP vs. NC had 3,980 DEGs (2,045 upregulated, 
1,935 downregulated), GLU_SP vs. SP had 3,321 DEGs 
(1,679 upregulated, 1,642 downregulated) and FCP_SP vs. SP 
had 2,312 DEGs (1,257 upregulated, 1,055 downregulated) 
(Fig. 3D). This finding suggested that both GLU and FCP 
modulated SP‑induced transcriptomic responses.

SP activated endocytosis and suppressed aminoacyl‑tRNA 
biosynthesis in lung cells. GSEA was performed to explore the 
transcriptional mechanisms of SP infection in FCA‑L2 cells. 
SP significantly upregulated ‘endocytosis’, ‘glycerophospho‑
lipid metabolism’, ‘sphingolipid metabolism’ and ‘adherens 
junction’ pathways compared with NC. Alternatively, SP signif‑
icantly downregulated the ‘aminoacyl‑tRNA biosynthesis’ 
pathway compared with NC (Fig. 4A).

SP infection also significantly downregulated 14 out of 
17 core genes in the aminoacyl‑tRNA biosynthesis pathway 
(Fig.  4B). These genes included LARS1, YARS1, MARS1, 
GARS1, WARS1, IARS1, CARS1, AARS1, FARSB, DARS1, 
EPRS1 and TARS1. Notably, these genes encode cytoplasmic 
aminoacyl‑tRNA synthetases responsible for conjugating 
leucine, tyrosine, methionine, glycine, tryptophan, isoleucine, 
cysteine, alanine, phenylalanine, aspartate, glutamate, proline 
and threonine to their respective tRNAs (30). Mitochondrial 

Figure 2. Effects of GLU and FCP on morphology, apoptosis and oxidative stress in SP‑infected FCA‑L2 cells. (A) Morphological changes (crystal violet 
staining, scale bars, 200 and 50 µm) and apoptosis (Annexin V‑FITC/PI staining, scale bar, 100 µm) in each group following intervention with GLU (40 mM) 
or FCP (500 µg/ml). The right panels show the corresponding quantitative bar charts for relative cell density and the relative percentage of apoptotic cells 
following intervention with GLU (40 mM) or FCP (500 ug/ml). (B) MDA levels; (C) Ratio of T‑AOC/TOS; (D) SOD levels; and (E) GPX levels. All data are 
expressed as mean ± standard deviation (n≥4 per group). Different lowercase letters (a‑c) indicate significant differences (P<0.05), while groups sharing at least 
one common letter show no statistically significant difference. GLU, glutamine; FCP, fish collagen peptides; SP, Streptococcus pneumoniae; MDA, malondi‑
aldehyde; SOD, superoxide dismutase; MDA, malondialdehyde; T‑AOC, total anti‑oxidant capacity; TOS, total oxidant capacity; GPX, glutathione peroxidase.

https://www.spandidos-publications.com/10.3892/etm.2026.13143


BAI et al:  GLUTAMINE AND COLLAGEN PEPTIDES ALLEVIATE POST-ANTIBIOTIC LUNG INJURY8

synthetases MARS2, WARS2 and RARS2 were also suppressed, 
suggesting that SP impairs both cytosolic and mitochondrial 
protein translation. This widespread inhibition of aminoacyla‑
tion potentially disrupted translational fidelity and efficiency, 
contributing to cellular injury and stress responses upon 
infection (31).

By contrast, SP infection significantly upregulated a 
cluster of core genes in the endocytosis pathway. The notable 
genes that were upregulated included RAB11B, RAB11FIP3, 
RAB11FIP4 and RAB11FIP5, which encode notable regulators 
of recycling endosomes (32) (Fig. 4C). Notably, RAB11B, a 
master GTPase that controls the slow recycling of membrane 
proteins and receptors (33), was notably induced, suggesting 
it may act as a central target mediating SP‑induced endocytic 
activation. Its interacting partners, RAB11FIP3‑5, which facili‑
tate cargo sorting and endosomal trafficking (34), were also 

elevated, indicating enhanced membrane recycling dynamics. 
Upregulation of AP2A1 (clathrin adaptor complex), DNM1 
(dynamin GTPase for vesicle scission), SH3KBP1 (endocytic 
scaffold protein) and EPN1 (epsin, membrane curvature 
modulator) indicated activation of clathrin‑mediated endo‑
cytosis. Moreover, upregulation of ARF3, ARF5, ARFGAP1, 
EHD1 and EHD4 provided additional evidence for the wide‑
spread activation of vesicle budding, trafficking and recycling 
machinery. These transcriptional changes collectively suggest 
that SP infection enhances endocytic trafficking and membrane 
turnover in lung mesenchymal cells, potentially disrupting 
intracellular homeostasis and facilitating pathogen‑host 
interactions.

SP infection also significantly upregulated a cluster of 
genes involved in glycerophospholipid metabolism, including 
GPAT3 (glycerol‑3‑phosphate acyltransferase), AGPAT1 and 

Figure 3. Transcriptomic profiling and identification of DEGs. (A) PCA showing distinct clustering among NC, SP, GLU_SP and FCP_SP groups. (B) Heatmap 
of DEGs based on FPKM‑normalized values; columns represent sample groups and rows represent individual genes. (C) Venn diagram showing the number of 
unique and overlapping DEGs among groups. (D) Bar plot summarizing the number of upregulated and downregulated DEGs in each comparison. Data were 
based on reference‑guided RNA sequencing (n=4 per group). DGES, differentially expressed genes; PCA, Principal component analysis; GLU, glutamine; 
FCP, fish collagen peptides; SP, Streptococcus pneumoniae; SOD, superoxide dismutase; MDA, malondialdehyde; NC, negative control.
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AGPAT4 (1‑acylglycerol‑3‑phosphate O‑acyltransferases) and 
LPIN1 (phosphatidate phosphatase). Upregulation of these 
genes denoted accelerated de novo phosphatidic acid synthesis 
and triacylglycerol precursor production (35). The upregulation 
of PCYT1B and PTDSS2, which encode CDP‑choline synthase 
and phosphatidylserine synthase, respectively, as well as 
CHKA (choline kinase) and PEMT (phosphatidylethanolamine 
N‑methyltransferase), reflected enhanced phosphatidylcholine 
and phosphatidylserine biosynthesis  (36). Upregulation of 
DGKZ, DGKB and GPD1L suggested increased diacylg‑
lycerol‑phosphatidic acid interconversion and redox‑linked 
glycerolipid flux (37,38). Enzymes involved in phospholipid 
hydrolysis, including PLA2G15, PLA2G6, PLA2G1B and 

PLD3, were also elevated, supporting intensified membrane 
lipid turnover. Moreover, ADPRM (ADP‑ribose pyrophospha‑
tase) and CHAT (choline acetyltransferase) were upregulated, 
implying altered nucleotide and acetylcholine‑linked phos‑
pholipid metabolism. These transcriptional changes 
collectively indicated that SP infection activates glycerophos‑
pholipid remodeling through coordinated upregulation of lipid 
biosynthetic, hydrolytic and signaling enzymes, potentially 
disrupting membrane integrity and promoting inflammatory 
stress responses in lung mesenchymal cells.

GLU suppressed cell cycle‑related pathways in SP‑infected 
cells. GLU intervention (GLU_SP vs. SP) led to significant 

Figure 4. KEGG‑GSEA enrichment analysis of SP‑infected FCA‑L2 cells. (A) Bubble plot of enriched KEGG pathways in SP vs. NC. The y‑axis represents 
enriched pathways, the x‑axis shows the ES, where positive values indicate upregulation and negative values indicate downregulation. Bubble size reflects the 
number of enriched genes and color represents the false discovery rate (q‑value). (B‑D) GSEA enrichment plots and heatmaps of core genes in significantly 
enriched pathways, including (B) aminoacyl‑tRNA biosynthesis, (C) endocytosis and (D) glycerophospholipid metabolism. Upper panels show the ES curve 
with the peak corresponding to the pathway's ES value. Lower panels display hierarchical clustering heatmaps of leading‑edge core genes in each pathway. 
KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set enrichment analysis; SP, Streptococcus pneumoniae; NC, negative control; ES, enrich‑
ment score.
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pathway remodeling (Fig. 5A), leading to downregulation of 
pathways, including the ‘cell cycle’, ‘aminoacyl‑tRNA biosyn‑
thesis’, ‘p53 signaling’ and ‘apoptosis’, suggesting inhibition 
of proliferation and stress responses. By contrast, the ‘biosyn‑
thesis of nucleotide sugars’ and ‘biosynthesis of amino sugars’, 
as well as ‘amino acid and nucleotide sugar metabolism’ were 
significantly upregulated (Fig. 5E‑F), indicating a metabolic 
shift toward glycan precursor generation. These changes 
suggested that GLU suppressed SP‑induced proliferative stress 
while reprogramming intracellular carbohydrate metabolism.

GLU treatment led to broad suppression of core regulatory 
genes in the cell cycle pathway (Fig. 5B). Cyclin‑dependent 
kinases and regulators, including CDK1, CDK2, CDK4, 
CCNE2 and CDC25B, were downregulated, indicating 
inhibition of G1/S and G2/M transitions (39). Multiple DNA 
replication licensing and elongation factors, such as MCM2‑7, 
CDT1, CDC45 and PCNA, were also suppressed, reflecting 
S‑phase arrest (40). In parallel, mitotic checkpoint and chro‑
mosome segregation components, including SMC1B, SMC3, 
RAD21 and TTK, were downregulated, suggesting impaired 
spindle assembly and progression into mitosis (41,42). These 
changes collectively indicated that GLU inhibited SP‑induced 
aberrant cell cycle progression by targeting DNA replica‑
tion, checkpoint signaling and mitotic machinery in lung 
mesenchymal cells.

Moreover, GLU treatment suppressed a panel of cyto‑
plasmic aminoacyl‑tRNA synthetases involved in the 
aminoacyl‑tRNA biosynthesis pathway (Fig.  5C). They 
included LARS1, MARS1, GARS1, AARS1, CARS1, TARS1, 
FARSB and IARS1, which are responsible for charging tRNAs 
with leucine, tyrosine, methionine, glycine, alanine, cysteine, 
threonine, phenylalanine and isoleucine, respectively. This 
coordinated repression indicated a global inhibition of tRNA 
aminoacylation, suggesting translational suppression and 
reduced protein synthesis demand under GLU treatment in 
SP‑infected lung mesenchymal cells.

GLU treatment also led to coordinated downregulation 
of multiple core genes involved in DNA damage response, 
cell cycle arrest and apoptosis regulation in the p53 signaling 
pathway (Fig. 5D). Notable cyclin‑dependent kinases (CDK1, 
CDK2 and CDK4) and their regulatory cyclins (CCNB1, 
CCNB2, CCNE2, CCNG1 and CCNG2) were suppressed, indi‑
cating a blockade of G1/S and G2/M transitions. Checkpoint 
kinase CHEK1 and tumor suppressor GADD45A, which 
mediate DNA damage‑induced arrest, were also downregu‑
lated. In addition, GLU reduced the expression of RRM2 and 
RRM2B (ribonucleotide reductase subunits), PMAIP1 and 
PIDD1 (pro‑apoptotic mediators) and MDM2 (a p53 feedback 
regulator). These transcriptional changes suggested that GLU 
dampens p53‑mediated cell cycle checkpoint activation and 
apoptotic signaling in SP‑infected lung mesenchymal cells, 
potentially contributing to cellular recovery and reduced stress 
response.

GLU activated nucleotide sugar metabolism. GLU interven‑
tion significantly upregulated a cluster of core genes involved 
in nucleotide and amino sugar biosynthesis and nucleotide 
sugar metabolism (Fig. 5E and F). Key upregulated genes 
included GFPT1 and GFPT2 (glutamine‑fructose‑6‑phos‑
phate transaminases), UAP1 (UDP‑N‑acetylglucosamine 

pyrophosphorylase),  GNE  (UDP‑GlcNAc 2‑epim‑
erase/ManNAc kinase) and PGM3 (phosphoacetylglucosamine 
mutase). Notably, these genes constitute the core enzymatic 
machinery of the hexosamine biosynthetic pathway  (43). 
UGP2, GPI, HK1 and HK3, which are involved in glucose 
phosphorylation and UDP‑glucose generation (44), were also 
upregulated. The enhanced expression of GALE, GMD and 
UXS1, which catalyze interconversion among UDP‑glucose, 
UDP‑galactose, UDP‑xylose and GDP‑fucose  (45), under‑
scored the broad activation of nucleotide sugar biosynthesis. 
These transcriptional changes suggested that GLU stimulates 
nucleotide sugar supply and amino sugar metabolism, poten‑
tially supporting glycoprotein synthesis and redox homeostasis 
in lung mesenchymal cells during SP‑induced stress.

FCP suppressed amino acid biosynthesis in SP‑infected cells. 
FCP treatment (FCP_SP vs. SP) induced significant transcrip‑
tional remodeling (Fig. 6A), which involved downregulation 
of notable pathways, including ‘aminoacyl‑tRNA biosyn‑
thesis’, ‘biosynthesis of amino acids’, ‘insulin resistance’, ‘p53 
signaling pathway’, ‘mTOR signaling pathway’ and ‘apoptosis 
(multiple species)’. This phenomenon indicated inhibition of 
amino acid production, protein synthesis and stress signaling. 
By contrast, the ‘biosynthesis of nucleotide sugars’ and 
‘biosynthesis of amino sugars’, as well as ‘amino sugar and 
nucleotide sugar metabolism’ pathways were significantly 
upregulated, reflecting enhanced glycan precursor generation. 
These changes suggested that FCP attenuates metabolic and 
apoptotic stress while promoting glycosylation‑associated 
recovery processes in SP‑infected lung mesenchymal cells.

In addition, FCP treatment resulted in widespread suppres‑
sion of both cytoplasmic and mitochondrial aminoacyl‑tRNA 
synthetases in the aminoacyl‑tRNA biosynthesis pathway 
(Fig. 6B). They included LARS1, YARS1, MARS1, CARS1, 
AARS1, GARS1, TARS1 and IARS1, which are essential 
for accurate tRNA charging and translational fidelity. 
Mitochondrial isoforms, such as LARS2, MARS2, TARS2, 
PARS2 and EARS2, were also downregulated, indicating 
reduced capacity for mitochondrial protein synthesis. These 
changes suggested a global attenuation of aminoacylation 
processes and protein translation following FCP treatment.

In parallel, the biosynthesis of amino acids pathway 
(Fig. 6C) exhibited coordinated downregulation of multiple 
metabolic enzymes, including PHGDH, PSAT1 and PSPH 
(serine synthesis), SHMT2 (serine‑glycine interconversion), 
ASNS (asparagine synthetase), BCAT1 (branched‑chain amino 
acid metabolism) and MAT1A (methionine activation) (46). 
Additional suppression of ALDOB, CPS1, GOT1 and CTH 
further supports reduced amino acid anabolism. These tran‑
scriptional changes collectively indicate that FCP inhibits 
amino acid supply and protein synthesis pathways, potentially 
contributing to translational downregulation and metabolic 
reprogramming in SP‑infected lung mesenchymal cells.

FCP treatment also downregulated a panel of pro‑apop‑
totic and cell cycle arrest‑related genes in the p53 signaling 
pathway (Fig. 6D). Notably, apoptotic genes, such as BAX, 
PMAIP1, CASP8, SIVA1 and THBS1, were suppressed, indi‑
cating reduced apoptotic signaling (47). In addition, genes 
associated with cell cycle inhibition, including CDKN1A 
(p21), GADD45A, CCNG1, CCNG2, CDK1, CDK4 and CDK6, 
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were also downregulated, suggesting partial release from 
p53‑induced cell cycle arrest  (47). By contrast, FCP treat‑
ment upregulated CASP3 (a central effector caspase), BCL2 
(anti‑apoptotic), CCND3 (G1/S cyclin) and stress response 
mediators, such as GADD45B, SESN1 and SESN3 (47). This 
phenomenon suggested a shift toward adaptive stress recovery 
rather than p53‑mediated apoptosis. These changes collectively 

suggest that FCP inhibits excessive p53‑driven cytotoxicity 
while promoting moderate survival and stress adaptation in 
SP‑infected lung mesenchymal cells.

FCP activated nucleotide sugar metabolism. FCP treat‑
ment significantly upregulated a set of core genes involved 
in amino and nucleotide sugar metabolism and nucleotide 

Figure 5. KEGG‑based GSEA of transcriptomic changes in FCA‑L2 cells following GLU treatment after SP infection. (A) KEGG enrichment bubble plot 
of pathways significantly altered in the GLU_SP vs. SP group. The x‑axis indicates ES, bubble size represents the number of core genes and bubble color 
corresponds to FDR values. (B‑F) GSEA enrichment plots and heatmaps of core genes enriched in representative pathways, including (B) cell cycle, (C) amino‑
acyl‑tRNA biosynthesis, (D) p53 signaling pathway, (E) biosynthesis of nucleotide sugars and (F) amino sugar and nucleotide sugar metabolism. Heatmaps 
display Z‑score normalized expression levels (n=4 per group). KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set enrichment analysis; 
GLU, glutamine; SP, Streptococcus pneumoniae; NC, negative control; ES, enrichment score; FDR, false discovery rate.
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sugar biosynthesis, indicating enhanced flux through hexos‑
amine and UDP‑sugar pathways (Fig. 6E and F). Notably, 
GFPT1, GFPT and UAP1, which encode the rate‑limiting 
enzymes for hexosamine biosynthesis, were strongly 
induced, suggesting elevated UDP‑GlcNAc production (48). 
Concurrent upregulation of GNE, MPI, PMM1, PMM2, 
GMPPA, GMPPB, PGM3 and UGP2 further supported 

enhanced biosynthesis of diverse nucleotide sugars, including 
UDP‑GalNAc, GDP‑mannose and UDP‑glucose (48). Genes 
essential for sialic acid and GlcNAc‑6‑phosphate conver‑
sion, such as NANS and GNPNAT1, were also elevated (49). 
These transcriptional changes indicated that FCP stimulates 
nucleotide sugar biosynthetic networks in SP‑infected lung 
mesenchymal cells, potentially facilitating glycosylation, 

Figure 6. KEGG‑based GSEA of transcriptomic changes in FCA‑L2 cells following FCP treatment after SP infection. (A) KEGG enrichment bubble plot 
showing pathways significantly regulated in the FCP_SP vs. SP group. The x‑axis represents ES, bubble size indicates the number of enriched genes and 
color corresponds to the FDR. (B‑F) GSEA enrichment plots and heatmaps of core genes in selected pathways, including (B) aminoacyl‑tRNA biosynthesis, 
(C) biosynthesis of amino acids, (D) p53 signaling pathway, (E) amino sugar and nucleotide sugar metabolism and (F) biosynthesis of nucleotide sugars. 
Heatmaps show Z‑score‑normalized gene expression (n=4 per group). KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set enrichment 
analysis; FCP, fish collagen peptides; SP, Streptococcus pneumoniae; NC, negative control; ES, enrichment score; FDR, false discovery rate.
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membrane repair and metabolic compensation under 
SP‑induced stress.

Metabolomic alterations. PCA analysis of metabolomic 
profiles (Fig.  7A) revealed clear separation among SP, 
NC, GLU and FCP groups, indicating distinct metabolic 
states. Notably, numerous metabolites were significantly 
altered in each comparison (Fig. 7B). SP infection induced 
significant elevation of lipids and lipid‑like molecules, 
including MG(0:0/i‑13:0/0:0), MG(0:0/i‑15:0/0:0) and palmi‑
toylcarnitine. By contrast, several amino acids and related 
compounds, such as proline‑arginine‑leucine and tyro‑
sine‑glutamine‑phenylalanine, were strongly downregulated 
(Table SIII).

GLU intervention (GLU_SP vs. SP; Table SIV) resulted 
in significant upregulation of metabolites such as isoamyl 
isothiocyanate, lauroyl diethanolamide and 4,5‑dihydroxy‑
hexanoic acid. Numerous amino acids and peptides, including 
arginine‑leucine‑isoleucine, l‑lysyl‑l‑lysyl‑l‑lysine and 
tyrosine‑glutamine‑phenylalanine and small oligopeptides, 
such as Ala‑Leu‑Leu‑Thr, were also significantly upregulated. 
By contrast, a broad range of lipids, including lysophos‑
phatidylcholine [22:2(13Z,16Z)/0:0] and monoacylglycerol 
[MG(0:0/i‑13:0/0:0)], were significantly decreased.

The prominent upregulated metabolites in the FCP 
intervention group (FCP_SP vs. SP; Table  SV) included 
cycloart‑23‑ene‑3β,25‑diol, ethyl linoleate and prolylproline, 
suggesting enhanced lipid signaling and peptide metabolism. 
Conversely, glutamylleucylarginine, N‑benzoyl‑D‑arginine, 
PS (20:4‑OH (12S)/14:1) and homaxisterol B1 were among the 
most significantly downregulated lipids and sterols.

Metabolite GSEA analysis. SP infection significantly 
downregulated ‘glycerophospholipid metabolism’, ‘choline 
metabolism in cancer’ and ‘arginine and proline metabolism’ 
(Fig. 7C), suggesting disrupted membrane lipid turnover and 
amino acid‑derived signaling (50,51). GLU treatment signifi‑
cantly activated ‘purine metabolism’ and ‘ABC transporters’ 
but did not affect ‘choline metabolism in cancer’, ‘glycero‑
phospholipid metabolism’ and ‘biosynthesis of unsaturated 
fatty acids’. By contrast, FCP treatment upregulated ‘choline 
metabolism in cancer,’ ‘glycerophospholipid metabolism’ and 
‘biosynthesis of amino acids’ and ‘biosynthesis of unsaturated 
fatty acids’.

Notably, within the ‘choline metabolism in cancer’ 
pathway (Fig. 7D), a set of SP‑affected metabolites was identi‑
fied, including LysoPC (22:6/0:0), LysoPC (18:3/0:0), LysoPC 
(22:5/0:0) and LysoPC (20:4/0:0) (Fig. 7D). The presence of 
these polyunsaturated lysophosphatidylcholines denoted 
SP‑induced membrane remodeling and lipid depletion.

GLU treatment significantly elevated purine metabo‑
lites (Fig. 7E), such as cyclic GMP, GTP, GMP, xanthosine, 
xanthine, adenosine triphosphate, adenylosuccinic acid 
and dADP, which reflect enhanced nucleotide turnover 
and energy metabolism under SP infection stress  (52). By 
contrast, FCP treatment increased biosynthesis of amino 
acids (Fig. 7F) by upregulating sedoheptulose 7‑phosphate, 
S‑adenosylhomocysteine, argininosuccinic acid, L‑histidine, 
L‑ornithine, L‑glutamine and N6‑(L‑1,3‑dicarboxypropyl)‑L
‑lysine, which denoted strengthened amino acid regeneration 

and one‑carbon metabolism. In addition, FCP treatment 
enhanced biosynthesis of unsaturated fatty acids, elevating 
nervonic acid, cis‑11‑eicosenoic acid, EPA, DHA, alpha‑lino‑
lenic acid and arachidonic acid. This phenomenon suggested 
restored membrane lipid homeostasis and anti‑inflammatory 
lipid mediator production.

Integrated pathway analysis of transcriptome and metabo‑
lome. The number of differential genes and metabolites 
varied across comparisons, with SP infection causing the most 
extensive changes (Fig. 8A). Integrated enrichment analysis 
revealed that SP infection significantly affected ‘biosynthesis 
of amino acids’, ‘carbon metabolism’, ‘endocytosis’ and the 
‘Rap1 signaling pathway’ (Fig. 8B). Notably, genes involved in 
endocytic trafficking, including RAB11B, were strongly upreg‑
ulated (Fig. 4C), while guanosine triphosphate (GTP), which 
is a crucial metabolite, was significantly reduced (Table SIII). 
This phenomenon reflected enhanced membrane recycling 
activity driven by GTP‑dependent GTPases under infection 
stress, accompanied by energy depletion and disrupted purine 
metabolism, resulting in intracellular GTP shortage despite 
increased demand (53).

GLU enhanced nitrogen assimilation and amino acid synthesis 
under SP infection. Integrated KEGG analysis revealed that 
GLU treatment significantly modulated ‘aminoacyl‑tRNA 
biosynthesis’, ‘biosynthesis of amino acids’, ‘phospholipase D 
signaling pathway’, ‘purine metabolism’ and ‘choline metabo‑
lism in cancer’ (Fig. 8C); the ‘biosynthesis of amino acids’ 
pathway was prominently activated. The key upregulated genes 
included ALDH18A1 (Δ¹‑pyrroline‑5‑carboxylate synthase, 
proline biosynthesis), IDH1 (isocitrate dehydrogenase, TCA 
cycle and glutamate conversion), PYCR3 (pyrroline‑5‑car‑
boxylate reductase, proline biosynthesis), ENO1/ENO3, 
PFKL, ALDOA and GAPDH (glycolytic enzymes) and ACO2 
(aconitase, TCA cycle) (Table SVI). Metabolomic data further 
confirmed significant elevation of pathway‑relevant metabo‑
lites, including L‑histidine, L‑lysine, L‑proline, L‑ornithine, 
S‑adenosylmethionine, argininosuccinic acid, L‑arginine, 
L‑methionine, L‑phenylalanine, L‑asparagine, histaminol 
and citrate (Table  SVI). This phenomenon supported the 
transcriptional activation of amino acid biosynthetic machinery.

FCP intervention enhanced amino and nucleotide sugar 
metabolism. FCP treatment significantly regulated multiple 
metabolic pathways, including ‘amino sugar and nucleotide 
sugar metabolism’, ‘carbon metabolism’, ‘steroid biosynthesis’ 
and ‘pathways in cancer’ (Fig. 8D); among them, ‘amino sugar 
and nucleotide sugar metabolism’ was prominently activated. 
Metabolomic analysis revealed an increase in galactose 1‑phos‑
phate and a reduction in cyclic N‑acetyl‑D‑mannosamine, 
which indicated altered hexosamine f lux (Table  SVI). 
Transcriptomic data revealed robust upregulation of GFPT1, 
GFPT2 and UAP1, which encode key rate‑limiting enzymes 
in UDP‑GlcNAc biosynthesis (Table SVI). Additionally, GNE, 
MPI, PMM1, PMM2, GMPPA, GMPPB, PGM3 and UGP2 
were elevated (Table  SVI), supporting enhanced produc‑
tion of multiple nucleotide sugars, including UDP‑GalNAc, 
GDP‑mannose and UDP‑glucose. These changes suggested 
that FCP promotes nucleotide sugar biosynthesis.
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Figure 7. Untargeted metabolomic profiling and pathway enrichment analysis in FCA‑L2 cells. (A) PC analysis score plot showing sample distribution across 
treatment groups. (B) Volcano plots of differential metabolites in SP vs. NC, GLU_SP vs. SP and FCP_SP vs. SP comparisons. Significantly changed metabo‑
lites are colored by fold change and significance threshold. (C) Metabolite set enrichment analysis comparing SP vs. NC, GLU_SP vs. SP and FCP_SP vs. 
SP. The x‑axis represents comparison groups; the y‑axis lists enriched Kyoto Encyclopedia of Genes and Genomes pathways; NES>0 indicates pathway 
upregulation. (D) Enrichment plots of downregulated metabolites in glycerophospholipid metabolism and arginine and proline metabolism (SP vs. NC). 
(E) Enrichment plots showing downregulation of glycerophospholipid metabolism and upregulation of purine metabolism (GLU_SP vs. SP). (F) Enrichment 
plots showing upregulated metabolites in biosynthesis of amino acids and biosynthesis of unsaturated fatty acids (FCP_SP vs. SP). PC, principal component; 
GLU, glutamine; FCP, fish collagen peptides; SP, Streptococcus pneumoniae; NC, negative control; QC, quality control; NES, normalized enrichment score.
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Correlation analysis between key genes and metabolites 
in the GLU_SP vs. SP group. Pearson correlation analysis 
between key genes and metabolites derived from the core 
pathways identified by joint KEGG enrichment analysis 
was performed to characterize the functional coupling 
between transcriptional changes and metabolite remodeling 
induced by GLU supplementation (Fig.  9A). Notably, a 
structured correlation pattern was observed in the GLU_SP 
vs. SP group. Genes belonging to the serine biosynthesis 
and one‑carbon metabolism axis, which included PHGDH, 
PSAT1, PSPH, SHMT2 and ASNS, exhibited consistently 
strong negative correlations with GLU and multiple 
peptide‑related metabolites (most |r|>0.95). In particular, 
L‑glutamine and a panel of di‑ and tripeptides, including 
Ala‑Leu‑Leu‑Thr, Gly‑Phe‑Val, Leu‑Val‑Ser and Ser‑Leu‑Ile, 
clustered tightly and showed inverse correlations with the 
PHGDH‑PSAT1‑PSPH‑SHMT2 gene module. This pattern 
indicated that GLU treatment enhanced the utilization of 
nitrogen substrates and peptide‑derived amino acids, rather 

than their accumulation, suggesting accelerated amino acid 
flux into biosynthetic pathways.

In parallel, a distinct metabolite cluster composed of 
lysophospholipids (LysoPC, LysoPG), monoacylglycerols, 
phosphatidylcholine species, acylcarnitines and unsaturated 
fatty acid derivatives displayed strong positive correlations 
with the PHGDH‑PSAT1‑PSPH‑SHMT2 gene module. The 
coherence of these lipid‑associated metabolites in both 
hierarchical clustering and correlation direction suggested 
that GLU treatment facilitates concerted remodeling of 
membrane lipid composition and mitochondrial lipid 
metabolism.

Notably, genes involved in transamination (GPT2 and 
BCAT1), proline biosynthesis (ALDH18A1 and PYCR1) and 
sulfur‑containing amino acid metabolism (CBS and CTH) 
exhibited correlation patterns consistent with the central 
serine‑one‑carbon module. These genes collectively formed 
a connected network regulating amino acid interconver‑
sion, nitrogen redistribution and redox balance, supporting 

Figure 8. Integrated transcriptomic and metabolomic analysis of FCA‑L2 cells. (A) Bar plot showing the number of differentially expressed genes and differ‑
ential metabolites in SP vs. NC, GLU_SP vs. SP and FCP_SP vs. SP comparisons. (B‑D) Joint Kyoto Encyclopedia of Genes and Genomes enrichment analysis 
of transcriptomic and metabolomic datasets using hypergeometric testing. Bubble plots show commonly enriched pathways in (B) SP vs. NC, (C) GLU_SP vs. 
SP and (D) FCP_SP vs. SP groups. The x‑axis represents‑log(P‑value) based on Fisher's exact test. Bubble size indicates total number of molecules mapped 
to the pathway and shape indicates omics source. GLU, glutamine; FCP, fish collagen peptides; SP, Streptococcus pneumoniae; NC, negative control; Tran, 
transcriptomics; meta, metabolomics.
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the presence of a coordinated amino acid metabolic 
reprogramming network in the GLU‑treated cells.

The correlation architecture demonstrated that GLU 
treatment induces a directional metabolic reorganization char‑
acterized by active nitrogen consumption, enhanced amino 
acid biosynthetic flux and coordinated lipid metabolic adapta‑
tion rather than simply elevating metabolite abundance under 
SP infection (Fig. 9).

Correlation analysis between key genes and metabolites 
in the FCP_SP vs. SP group. Pearson correlation analysis 
between differential metabolites and key genes derived from 
the core pathways identified by joint KEGG enrichment 
analysis was performed to characterize the association 
between transcriptional alterations and metabolic changes 
induced by FCP treatment (Fig. 9B). Genes involved in the 

serine biosynthesis and one‑carbon metabolism pathway 
(PHGDH, PSAT1, PSPH and SHMT2) exhibited notably 
consistent correlation directions across a broad spectrum 
of metabolites. Notably, they had strong positive correla‑
tions with multiple peptide‑related metabolites, including 
Ala‑Leu‑Leu‑Thr, Met‑Leu, Arg‑Glu‑Met, Leucyl‑Histidine 
and Lys‑Val‑Leu. By contrast, they were strongly negatively 
correlated with several carbohydrate‑related intermediates, 
such as D‑erythrose‑4‑phosphate, D‑fructose‑6‑phosphate 
and galactose‑1‑phosphate.

A similar correlation profile was observed for GPT2, which 
displayed positive correlations with the majority of peptide 
metabolites, including Met‑Leu (and Ala‑Leu‑Leu‑Thr, but 
inverse correlations with sugar phosphate intermediates, such 
as D‑erythrose‑4‑phosphate and D‑fructose‑6‑phosphate. 
This coherence suggested that genes involved in amino acid 

Figure 9. Correlation analysis between key genes and metabolites derived from joint transcriptomic‑metabolomic enrichment. (A) Pearson correlation heatmap 
showing associations between differentially expressed genes and differential metabolites in the GLU_SP vs. SP group. (B) Pearson correlation heatmap 
showing associations between differentially expressed genes and differential metabolites in the FCP_SP vs. SP group. Pearson correlation coefficients were 
calculated to evaluate the consistency of variation trends between gene expression and metabolite abundance. Positive correlations indicate coordinated 
changes, whereas negative correlations indicate inverse regulatory relationships. Each grid is annotated with the corresponding correlation coefficient. 
Hierarchical clustering was applied to both genes and metabolites to identify functional association modules. GLU, glutamine; FCP, fish collagen peptides; 
SP, Streptococcus pneumoniae
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interconversion were tightly coupled to peptide turnover and 
central carbon metabolism under FCP treatment.

Notably, genes involved in amino and nucleotide sugar 
metabolism, including UAP1 and GNPNAT1, had distinct 
associations with carbohydrate‑related metabolites. UAP1 
exhibited strong positive correlations with galactose‑1‑phos‑
phate, D‑erythrose‑4‑phosphate and D‑fructose‑6‑phosphate. 
However, it exhibited negative correlations with multiple 
peptide metabolites (such as Met‑Leu; Ala‑Leu‑Leu‑Thr). 
These findings were consistent with the transcriptional activa‑
tion of the amino and nucleotide sugar biosynthetic pathway in 
joint KEGG enrichment.

In addition, genes associated with central carbon and 
lipid metabolism, including IDH1, ACAT2 and ACOX1, 
were significantly and positively correlated with both carbo‑
hydrate intermediates (e.g., D‑fructose‑6‑phosphate) and 
lipid‑associated metabolites. These metabolites included 
monoacylglycerols, oleic acid and C2‑dihydroceramide, 
underscoring the coordinated remodeling of energy and lipid 
metabolism in response to FCP treatment.

Discussion

The present study investigated the molecular responses of 
feline pulmonary interstitial cells (FCA‑L2) following SP 
infection and subsequent antibiotic treatment. Integrated 
transcriptomic and metabolomic analyses revealed persistent 
cell injury, sustained inflammatory activation and significant 
remodeling of lipid metabolism and intracellular trafficking, 
which provide mechanistic insights into post‑infection 
pathophysiology.

Notably, there was significant LDH release, elevated IL‑1β, 
TNF‑α and IL‑8 expression, increased MDA levels, and 
disruption of junction proteins after 18 h despite antibiotic 
administration at 4 h post‑infection. These findings indicate that 
bacterial clearance alone is insufficient to prevent secondary 
damage, supporting the presence of a post‑infectious inflam‑
matory syndrome. Notably, this phenomenon is consistent 
with clinical reports in SP‑related pneumonia, where excessive 
immune activation and residual bacterial components, such 
as pneumolysin and cell wall fragments, continue to trigger 
damage‑associated signaling even after pathogen eradica‑
tion  (54,55). The reduction in junction proteins suggests 
compromised barrier integrity due to cytokine‑mediated 
cytoskeletal rearrangement and oxidative injury. These obser‑
vations reflect crucial features of infection‑associated acute 
lung injury, underscoring the need for adjunctive interventions 
beyond antibiotics (56).

Notably, SP infection induced transcriptional and meta‑
bolic remodeling of glycerophospholipid metabolism by 
significantly upregulating key enzymes involved in de novo 
phospholipid synthesis and hydrolysis, including GPAT3, 
AGPAT1, LPIN1 and PLA2G6, which enhance membrane lipid 
turnover (57,58). Metabolomic data confirmed enrichment of 
the glycerophospholipid metabolism pathway. In particular, 
there were reductions in multiple lysophosphatidylcholine 
(LysoPC) species and increased levels of CDP‑ethanolamine 
and citicoline, which mediate PC biosynthesis. These findings 
indicate active membrane remodeling, potentially driven by 
stress and repair demands. Notably, the significant depletion of 

multiple polyunsaturated LysoPC species, including LysoPC 
22:6/0:0, LysoPC 22:5/0:0 and LysoPC 20:4/0:0 potentially 
compromises membrane stability and increases membrane 
fragility (59). This finding is consistent with the elevated LDH 
release and disruption of tight junction proteins observed in 
SP‑infected cells. LysoPC depletion may result from increased 
utilization for membrane repair or altered PLA2 activity (60). 
Elevated citicoline levels support compensatory PC synthesis 
to maintain membrane integrity; however, excessive phos‑
pholipid turnover may paradoxically destabilize membrane 
architecture under sustained stress conditions. Alterations in 
phospholipids affect membrane curvature, fluidity and raft 
formation, which modulate host‑pathogen interactions (61,62). 
In the present study, enhanced membrane remodeling poten‑
tially facilitates SP internalization or intracellular persistence 
by disrupting immune receptor localization and amplifying 
inflammatory signaling through lipid‑derived mediators. 
Enhanced membrane turnover may promote SP internaliza‑
tion or intracellular survival by disrupting immune receptor 
localization. Excessive lipid remodeling may also amplify 
inflammation via lipid mediators and destabilization of 
membrane signaling platforms.

SP infection also activated endocytosis‑related pathways, 
further supporting membrane remodeling and persistent 
intracellular stress  (62). Transcriptomic upregulation of 
RAB11B, RAB11FIP3, AP2A1 and DNM1 indicated the 
activation of recycling endosomes and clathrin‑mediated 
endocytosis (63). Metabolomic analysis revealed reduced 
intracellular GTP levels, suggesting high consumption 
during vesicle trafficking, which is energetically costly and 
may impose a substantial metabolic burden on infected 
cells  (64). This finding was evidenced by the increased 
oxidative stress and apoptosis observed in SP‑treated 
cells. Upregulated RAB11 signaling may enhance receptor 
recycling, antigen processing and cytokine transport (65). 
The enhanced receptor recycling capacity may contribute 
to prolonged surface availability of cytokine receptors and 
pattern‑recognition receptors, thereby reinforcing inflamma‑
tory signaling. This phenomenon was observed in the present 
study, as evidenced by the elevated levels of IL‑1β, TNF‑α 
and IL‑8. Notably, SP can exploit this machinery to evade 
immune surveillance or promote intracellular persistence. 
These alterations are closely linked to immune modula‑
tion through potential activation of endosomal toll‑like 
receptors (TLRs), including TLR3 and TLR9, leading to 
cytokine activation  (61). Moreover, excessive endosomal 
f lux may overload the endosome‑lysosome system and 
impair autophagic homeostasis, leading to increased cellular 
stress and apoptotic vulnerability (66,67). This mechanism 
provides a plausible explanation for the elevated apoptosis 
and cytotoxicity observed in the present study following SP 
infection.

In the present study, GLU and FCP treatments significantly 
alleviated SP‑induced cellular injury and inflammation. GLU 
and FCP reduced LDH release, suppressed pro‑inflammatory 
cytokine expression, restored tight junction proteins and 
slowed apoptosis and cell death. They also enhanced anti‑
oxidant capacity, which highlighted their dual cytoprotective 
effect mediated by metabolic support and anti‑inflammatory 
modulation.
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GLU treatment downregulated multiple cell cycle regu‑
lators, including CDK1, CDK2, CCNE2 and MCM family 
genes, and suppressed aminoacyl‑tRNA synthetases, such 
as EPRS1 and LARS1  (68,69). However, the amino acid 
biosynthesis pathway was significantly upregulated at 
both transcriptomic and metabolomic levels. Key upregu‑
lated genes included ALDH18A1, PYCR3, IDH1, ACO2, 
ENO1, ENO3, PFKL, ALDOA and GAPDH, translating to 
activation of proline biosynthesis, glycolysis and the TCA 
cycle (69). Metabolomic profiling confirmed increased levels 
of L‑proline, L‑lysine, L‑ornithine, S‑adenosylmethionine, 
argininosuccinate, L‑arginine and L‑histidine. This 
difference suggests that GLU induces the preferential accu‑
mulation of free amino acids for stress defense, rather than 
protein synthesis. Aminoacyl‑tRNA synthetases are essential 
components of the translational machinery; downregulation 
indicates a deliberate reduction in protein synthesis, poten‑
tially to prevent the accumulation of misfolded proteins 
and mitigate endoplasmic reticulum stress under infec‑
tion‑induced damage (70). In parallel, upregulated amino 
acid biosynthesis supports antioxidant defenses and energy 
metabolism. Notably, this metabolic shift directly correlates 
with the decreased apoptosis and oxidative stress observed 
in the present functional assays following GLU treatment. 
For example, upregulation of ALDH18A1 and PYCR3 
promotes proline synthesis, contributing to redox buffering 
and mitochondrial protection (71,72). IDH1 and ACO2 facili‑
tate NADPH production and maintain TCA cycle integrity. 
Elevated glycolytic enzyme expression suggests increased 
glycolytic flux to support biosynthetic demands and ATP 
supply (14). The enhancement of NADPH‑dependent redox 
buffering and ATP‑generating pathways provides a mecha‑
nistic explanation for the improved antioxidant capacity 
(SOD, GPX, T‑AOC/TOS) and the preservation of cell 
viability observed in functional assays.

FCP treatment significantly activated amino and nucleotide 
sugar metabolism. Transcriptomic analysis revealed upregu‑
lation of GFPT1, GFPT2 and UAP1, indicating increased 
synthesis of UDP‑N‑acetylglucosamine (UDP‑GlcNAc) (73). 
Upregulation of GNE, MPI, PMM1, PMM2, GMPPA, 
GMPPB, PGM3 and UGP2 suggested enhanced biosynthesis 
of multiple nucleotide sugars, including UDP‑GalNAc, 
GDP‑mannose and UDP‑glucose. Notably, genes involved in 
sialic acid and GlcNAc‑6‑phosphate production (NANS and 
GNPNAT1) were also elevated (74). These transcriptomic 
changes were consistent with the metabolomic data, which 
exhibited increased galactose 1‑phosphate and decreased 
cyclic N‑acetyl‑D‑mannosamine. This response is closely 
associated with the pathogenic mechanism of SP; SP 
expresses a range of glycosidases, such as neuraminidase 
(NanA), β‑galactosidase and β‑N‑acetylglucosaminidase, 
which cleave host glycoproteins and glycolipids, thereby 
exposing hidden epithelial receptors to facilitate bacterial 
adhesion (54,55,61,62). NanA also degrades mucins, thereby 
reducing mucosal viscosity and weakening the protective 
barrier (61). The activation of amino sugar and nucleotide 
sugar metabolism by FCP potentially restored glycosylation 
of membrane proteins and the structural integrity of the 
glycocalyx, thereby counteracting bacterial deglycosyl‑
ation and promoting membrane repair. Mechanistically, 

FCP‑derived peptides potentially trigger the activation of 
nucleotide sugar biosynthesis in a multifactorial manner. 
Small peptides can be transported into cells through 
proton‑coupled oligopeptide transporters, including PEPT1 
(SLC15A1) and PEPT2 (SLC15A2), which mediate the uptake 
of di‑/tripeptides and certain peptide‑like substrates (75‑77). 
Peptides and amino acids generated by intracellular pepti‑
dases upon entry of the small peptides may enhance cellular 
nitrogen availability and one‑carbon metabolism, thereby 
supporting the biosynthetic demand required for UDP‑sugar 
production (78,79). In parallel, peptide uptake and/or amino 
acid sensing could activate nutrient‑responsive signaling, 
such as mTOR/ATF4‑related adaptive programs  (80,81), 
which coordinate anabolic pathways under stress and may 
contribute to the observed upregulation of GFPT1/2 and 
UAP1. Functionally, restoration of membrane glycosylation 
stabilizes surface proteins and junctional complexes. This 
phenomenon was exemplified in the present study by the 
recovery of tight junction protein expression and reduced 
LDH leakage following FCP treatment. FCP also enhanced 
amino acid and polyunsaturated fatty acid (PUFA) metabo‑
lism. Metabolomic analysis in the present study revealed 
elevated levels of key intermediates in amino acid biosyn‑
thesis, including L‑histidine, L‑arginine, L‑glutamine, 
L‑proline, L‑lysine and S‑adenosylmethionine. Glycolytic 
and pentose phosphate pathway intermediates, such as sedo‑
heptulose 7‑phosphate and erythrose 4‑phosphate, were also 
elevated. In parallel, there was an increase in the levels of 
multiple long‑chain PUFAs, including alpha‑linolenic acid, 
eicosapentaenoic acid, docosahexaenoic acid and nervonic 
acid. Upregulation of amino acid and PUFA metabolism 
functionally synergizes with nucleotide sugar biosynthesis. 
Specifically, the accumulation of proline and other amino 
acids provides essential precursors for cellular repair and 
redox homeostasis, while the elevated long‑chain PUFAs 
(e.g., EPA and DHA) act as anti‑inflammatory mediators to 
counteract SP‑induced cytokine production and membrane 
oxidative damage (71,72,82‑84). The coordinated metabolic 
reprogramming provides a mechanistic explanation for the 
observed attenuation of inflammatory cytokine production, 
reduced oxidative stress and improved cell survival following 
FCP intervention. The coordinated metabolic programs 
contributed to membrane structure repair, glycan renewal 
and cellular recovery from infection‑induced stress.

Alveolar epithelial cells are the primary sites of SP 
adhesion and barrier disruption during the acute phase of 
infection  (85‑87). However, increasing evidence indicates 
that the resolution of lung injury involves active participa‑
tion of pulmonary interstitial fibroblast populations during 
the post‑infectious repair phase, partly through paracrine 
signaling that supports alveolar and parenchymal regenera‑
tion (88‑90). Mesenchymal cells contribute to tissue recovery 
by regulating ECM remodeling, resolving inflammatory 
responses and re‑establishing a microenvironment conducive 
to epithelial regeneration following bacterial clearance (25). In 
this context, mesenchymal cells function as key coordinators 
of lung repair rather than direct targets of bacterial invasion. 
The use of mesenchymal cells in the present study is thus 
particularly relevant for investigating reparative mechanisms 
that operate after infection‑induced damage, rather than the 
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initial host‑pathogen interaction. The protective effects seen 
in mesenchymal cells in the present study may influence 
epithelial recovery in  vivo. Mesenchymal cells influence 
epithelial repair through paracrine signaling, including the 
secretion of growth factors, cytokines and matrix‑regulating 
molecules that promote epithelial cell proliferation, migration 
and restoration of barrier integrity (88‑93). The attenuation of 
inflammation and oxidative stress, along with the preservation 
of junction‑associated proteins observed in the present study, 
suggests that the intervention may contribute to the formation 
of a reparative microenvironment that indirectly supports 
epithelial regeneration following pneumococcal injury.

Notably, the concentrations of GLU (40 mM) and FCP 
(500 µg/ml) were determined via standardized in vitro screen‑
ings to achieve an optimal balance between non‑cytotoxicity 
and maximal reparative efficacy. These pharmacological doses 
are independent of systemic physiological plasma benchmarks 
because the metabolic and structural requirements for cellular 
repair in an in vitro environment represent a biological dimen‑
sion distinct from systemic homeostasis. Nevertheless, these 
doses provide a theoretical foundation for targeted clinical 
strategies, such as localized pulmonary nebulization and 
inhalation therapy. However, it must be acknowledged that 
the current in vitro monoculture model lacks the inherent 
complexity of the lung microenvironment, which involves 
dynamic interactions between various immune cells, including 
alveolar macrophages and neutrophils and the three‑dimen‑
sional ECM. These factors could markedly influence the 
observed reparative effects in an in vivo setting. For instance, 
GLU is a critical metabolic fuel for macrophages  (52). Its 
supplementation could support fibroblast‑mediated repair and 
modulate macrophage polarization toward a pro‑resolving M2 
phenotype, potentially creating a synergistic effect that accel‑
erates tissue clearance and healing (94,95). Similarly, FCP may 
interact with the native ECM architecture to further enhance 
structural integrity (19). The simplified model established in 
the present study essentially isolates and delineates the specific 
metabolic and transcriptomic reprogramming within pulmo‑
nary interstitial fibroblasts. However, future studies employing 
3D organoid models or in vivo animal infection trials should 
be conducted to extensively capture the multicellular synergy 
during the post‑antibiotic lung recovery phase.

Despite the numerous insightful outputs of the present 
study, it was limited by several factors. The use of a 
mesenchymal cell model did not directly capture the initial 
epithelial‑pathogen interactions that occurred during SP infec‑
tion. The findings of the present study provide mechanistic 
insights into stromal‑mediated reparative responses following 
infection‑induced injury. However, the intercellular crosstalk 
and epithelial‑specific responses under infectious conditions 
should be validated through future studies using epithelial 
cells or mesenchymal‑epithelial co‑culture systems. In addi‑
tion, a DOX‑only group was not included in the transcriptomic 
and metabolomic analyses. The experimental contrasts were 
designed to characterize molecular alterations associated 
with the post‑infectious, post‑antibiotic state (SP + Dox), and 
their modulation by nutritional interventions. Future studies 
incorporating a Dox‑only control will be valuable for fully 
disentangling antibiotic‑associated molecular effects from 
post‑infectious host responses.

In conclusion, SP induced sustained cell injury and 
inflammation, accompanied by lipid remodeling, endocytic 
activation and metabolic imbalance in FCA‑L2 cells. However, 
SP‑induced damage was significantly alleviated by both GLU 
and FCP through synergistic metabolic and anti‑inflammatory 
effects. GLU reprogrammed amino acid metabolism and 
redox homeostasis, whereas FCP restored glycosylation and 
membrane integrity by enhancing UDP‑sugar, amino acid 
and PUFA metabolism. These results of the present study 
underscore the importance of targeting host metabolic and 
structural pathways to mitigate SP‑related lung injury. They 
also support the development of adjunctive therapies beyond 
antibiotics.
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