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cture–activity relationship of the
SPA4 peptide under ambient and stressed
conditions of lung injury

Asif Alam Chowdhury, a Karla Rodgers, b Nachiket M. Godbole a

and Shanjana Awasthi *a

Lung inflammation and injuries are major health problems. The SPA4 peptide (amino acid sequence

GDFRYSDGTPVNYTNWYRGE) binds to Toll-like receptor-4 and exerts anti-inflammatory activity. In this

study, we have determined the stability of the structure and structure–activity relationship of the SPA4

peptide under ambient and stressed conditions of lung injury. The SPA4 peptide was maintained at

different pH and temperatures, in solutions of different ionic strengths, and simulated lung fluids. The

primary and secondary structure of the SPA4 peptide was determined by ultraviolet-visible (UV-VIS) and

circular dichroism (CD) spectroscopy. The activity of the SPA4 peptide was determined by measurement

of secreted levels of chemokine C–X–C motif ligand 1/keratinocyte-derived chemokine (CXCL1/KC) and

lactate by primary mouse lung epithelial cells against lipopolysaccharide (LPS) stimuli. Our results

demonstrate the stability of the structure of the SPA4 peptide at room temperature and 4 °C over 10

days. The original UV-VIS spectra of the SPA4 peptide followed a typical pattern when incubated in

solutions of pH 5.7, 7.0, and 8.0 at different temperatures, simulated lung fluids, and most of the

chemical components. Slight shifts in the absorbance peaks, derivative values, and vibrational fine

structures were noted in the fourth-derivative spectra of the SPA4 peptide under some conditions. An

increased level of lactate is the hallmark of lung injury. The SPA4 peptide on its own and in the presence

of lactate exerts anti-inflammatory activity. The primary and secondary structure and the activity of the

SPA4 peptide remain intact when pre-incubated in 2 mM sodium lactate solution. The results provide

important insights about the stability and structure–activity relationship of the SPA4 peptide.
Introduction

Toll-like receptor 4 (TLR4) is a transmembrane receptor that
recognizes specic pathogen-and damage-associated molecular
patterns. One of the major ligands of TLR4 is Gram-negative
bacterial lipopolysaccharide (LPS). The LPS-induced activation
of TLR4 results in acute inammation, tissue damage, and
injury.1 The SPA4 peptide (amino acid sequence
GDFRYSDGTPVNYTNWYRGE) was identied from a TLR4
interacting region of surfactant protein-A (SP-A), which binds to
the activated TLR4 and reduces inammation.2,3 Intratracheal
administration of the SPA4 peptide suppresses inammation
and injury and improves the pulmonary function parameters
and survival in mouse models of lung infection and
inammation.3–5
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Although therapeutic administration of SPA4 peptide has
been effective in lung inammation models, it is likely to get
exposed to varying stressed conditions in respiratory tract.
The lung microenvironment undergoes signicant changes
during inammation. One of the hallmarks is the change in
pH of lung microenvironment. The luminal side of the airway
epithelia is lined by a thin layer of uid called airway surface
liquid.6 The airway surface liquid is derived mainly from
submucosal gland secretions and transepithelial hydro-
osmotic movements. The airway surface liquid pH in
normal respiratory tract ranges between 5.6 and 6.7 in the
nasal mucosa, around 7.0 in bronchia, 7.1 in lower airways
and 6.6 in upper airways (reviewed in ref. 7 and 8). Histori-
cally, acidication of the airway surfaces has been suggested
as a measure of airway disease,6 specically during cystic
brosis9,10 and asthma.11 The pH of bronchoalveolar uid was
noted as 6.21 and 6.89 in patients with stable and acute
exacerbation chronic obstructive pulmonary diseases,
respectively.12 Acidic pH is promoted by lung inammation
due to production of metabolic acids by recruited leuko-
cytes8,13 as well as an increased secretion of acid by airway
epithelial cells through activation of apical H+ channels.14
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The extracellular acidosis can further activate neutrophils,
delay apoptosis, and enhance an inammatory response.15

In addition to altered pH, signicant changes have been
observed in biochemical composition or metabolome of lung
microenvironment during injury. The changes in amino acid
and lipid metabolic pathways, deranged energy metabolism,
and disturbed cellular turnover are noted.16–20 The simulated
uids with varying pH and biochemical composition have
been used to mimic the lung microenvironment under
healthy and diseased states. Two of the most common
simulated lung uids are Gamble's solution and articial
lysosomal uid (ALF). Gamble's solution represents the
healthy condition of the lung lining uid with neutral pH 7.4,
and ALF has been used to replicate the lysosomal compart-
ment simulating phagolysosome with acidic pH 4.5 (as
reviewed in21). Among several biochemical entities, an
increased lactate production in lung is associated with
severity of lung injury.22–25 An elevated blood lactate concen-
tration (>2 mmol L−1) is signicantly associated with
morbidity and 30 day mortality of the patients with acute
respiratory distress syndrome.26 Among Gamble's solution
and ALF, the lactate is present only in ALF.21

The objective of the current study was to assess the
stability of the structure of SPA4 peptide under ambient
conditions at different pH and temperatures and in simulated
lung uids and in presence of chemical components repre-
senting normal and inammatory lung microenvironment.
The anti-inammatory activity of SPA4 peptide was studied in
primary mouse lung epithelial cell system against LPS
stimuli. Our results demonstrate an intact structure of the
SPA4 peptide under ambient conditions. The primary struc-
ture of SPA4 peptide is not affected by pH 5.7–8.0 or
temperatures 25–37 °C. The original UV-VIS spectral pattern
remains unaltered when SPA4 peptide is incubated in
Gamble's solution, ALF, and most of the individual chemical
components except for sodium hydroxide solution at
prescribed concentration. However, changes in peaks, deriv-
ative values, and vibrational ne structures were noted in
fourth derivative spectra of SPA4 peptide in some conditions.
The SPA4 peptide treatment exerts anti-inammatory
response in primary mouse lung epithelial cell system
against LPS stimuli. Furthermore, our results demonstrate
maintenance of the primary and secondary structure and
anti-inammatory activity of the SPA4 peptide when incu-
bated in 2 mM sodium lactate solution. These results provide
important insights about the stability and structure–activity
relation of SPA4 peptide under ambient condition and in the
presence of chemical components altered during lung injury.

Materials and methods
SPA4 peptide

The SPA4 peptide (amino acid sequence GDFRYSDGTPV-
NYTNWYRGE) was synthesized at Genscript, NJ. Mass spec-
troscopy and high-performance liquid chromatography (HPLC)
conrmed the composition and purity, respectively. All the
batches of SPA4 peptide were $95% HPLC-pure. The stock
© 2023 The Author(s). Published by the Royal Society of Chemistry
solution of SPA4 peptide (834.2 mM) was maintained in
endotoxin-free water at −20 °C. Endotoxin-free water was used
for preparation of different solutions and as a vehicle. We have
used term water throughout for endotoxin-free water.

Mice

Male C57BL6 mice (5–6 weeks old) were purchased from the
Jackson laboratory (Bar Harbor, ME). The mice were housed for
at least 1 week for acclimatization before the start of experi-
ments. Up to ve mice were housed together. All experiments
with mice were performed in compliance with the Public Health
Service Policy on Humane Care and Use of Laboratory Animals.
The animal studies were approved by the Institutional Animal
Care and Use Committee (Protocol number: 20-054-SCHIR) at
the University of Oklahoma Health Sciences Center (OUHSC).

Ultraviolet-visible (UV-VIS) spectroscopy

The UV-VIS spectroscopy was used to determine any changes
in primary structure of the SPA4 peptide as described
earlier.5,27 Briey, an aliquot of 2 ml was loaded onto a well of
microvolume glass slide plate (Take3 plate, Agilent, Santa
Clara, CA). The UV-VIS absorbance readings or optical density
(OD) values were recorded at 200–750 nm wavelengths with an
interval of 5 nm and optical pathlength of 0.5 mm. The buffer
solutions containing an equivalent volume of vehicle served
as blank. The blank-subtracted OD readings were plotted.

Fourth-order derivative spectra (second derivative of second
derivative) of original UV-VIS spectra were obtained and
analyzed for area under the curve (AUC), number of peaks above
the baseline, and vibrational ne structures related to phenyl-
alanine (F), tyrosine (Y) and tryptophan (W) residues of SPA4
peptide under different conditions using GraphPad Prism
soware, which utilizes the Savitzky and Golay's principle of
differentiation of data.28,29

Primary structure or stability of the SPA4 peptide over time
and at different pH and temperatures. The stock solution of
SPA4 peptide (834.2 mM) was kept at room temperature or at
4 °C for a period of 10 days, and an aliquot was subjected to
UV-VIS spectroscopy at an interval of 24 h as described above.

In another set of experiments, the SPA4 peptide was diluted
to 100 mM in citrate buffer (pH 3.0), phosphate buffer solutions
with the pH of 5.7, 7.0 and 8.0, and N-cyclohexyl-2-
aminoethanesulfonic acid or CHES solution (pH 10.0; Table
1). The buffer solutions were prepared according to previously
published reports.30–32 Prepared solutions of SPA4 peptide in
phosphate buffered solutions of different pH were kept in
a preheated water bath at 25 °C, 30 °C, 32 °C, and 37 °C for 1 h.
Aer 1 h of incubation, the aliquots of SPA4 peptide solutions
were subjected to UV-VIS spectroscopy as described above. The
water alone or water diluted in respective solutions served as
blank.

Structure of the SPA4 peptide in simulated lung uid solu-
tions and in the presence of individual chemical components.
To evaluate SPA4 peptide stability in simulated lung uids,
the stock solution of SPA4 peptide (834.2 mM) was diluted to
100 mM in Gamble's solution (pH 7.4) and articial lysosomal
RSC Adv., 2023, 13, 18864–18877 | 18865
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Table 1 Concentrations of chemical ingredients of citrate buffer (pH 3.0), phosphate buffer (pH 5.7, 7.0, and 8.0), and N-cyclohexyl-2-ami-
noethanesulfonic acid (CHES, pH 10.0) solution

Ingredients (stock concentration) pH 3.0 pH 5.7 pH 7.0 pH 8.0 pH 10.0

Monobasic sodium phosphate (0.2 M) 0.0935 M 0.039 M 0.0053 M
Dibasic sodium phosphate (0.2 M) 0.0065 M 0.061 M 0.0947 M
Citric acid (0.1 M) 0.093 M
Sodium citrate (0.1 M) 0.007 M
CHES 0.5 M
SPA4 peptide (834.2 mM) 100 mM 100 mM 100 mM 100 mM 100 mM

Table 2 Composition of simulated lung fluid solutions (Gamble's solution and ALF). All solutions were prepared in endotoxin-free water

Components Manufacturer Gamble's solution (pH 7.4) ALF (pH 4.5)

Calcium chloride Sigma, St. Louis, MO 2.5 mM (0.277 g L−1) 0.87 mM (0.097 g L−1)
Magnesium chloride Sigma, St. Louis, MO 1 mM (0.095 g L−1) 0.52 mM (0.050 g L−1)
Sodium chloride VWR-BDH, West Chester, PA 103 mM (6.019 g L−1) 54.93 mM (3.21 g L−1)
Sodium citrate dihydrate Fisher Scientic, Hampton, NH 0.33 mM (0.097 g L−1) 0.262 mM (0.077 g L−1)
Sodium phosphate dibasic US biological, Swampscott, MA 1 mM (0.142 g L−1) 0.5 mM (0.071 g L−1)
Sodium sulfate Sigma, St. Louis, MO 0.5 mM (0.071 g L−1) 0.275 mM (0.039 g L−1)
Potassium chloride Sigma, St. Louis, MO 4 mM (0.298 g L−1)
Sodium acetate trihydrate Fisher Scientic, Fairlawn, NJ 7 mM (0.953 g L−1)
Sodium bicarbonate VWR chemicals, Solon, OH 31 mM (2.604 g L−1)
Citric acid Ward's Science, St. Catherines, ON, Canada 108.26 mM (20.8 g L−1)
Glycine Sigma, St. Louis, MO 0.785 mM (0.059 g L−1)
Sodium hydroxide Ameresco life Science, Solon, OH 150 mM (6.0 g L−1)
Sodium lactate Sigma, St. Louis, MO 0.758 mM (0.085 g L−1)
Sodium pyruvate Sigma, St. Louis, MO 0.781 mM (0.086 g L−1)
Sodium tartrate dihydrate EMS, Hateld, PA 0.391 mM (0.090 g L−1)
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uid (ALF, pH 4.5). The composition of Gamble's solution and
ALF is described in Table 2. The solutions containing SPA4
peptide were kept at room temperature for 24 h. The UV-VIS
absorbance readings then were taken as described above.
Similarly, UV-VIS spectroscopy was performed for SPA4
peptide (100 mM) in presence of each of the components of
Gamble's solution and ALF. Higher concentrations (0.5 M and
1 M) of each component were also included, except sodium
phosphate dibasic and sodium bicarbonate solutions. An
equivalent volume of water instead of peptide was added to
simulated lung uids or chemical solutions which served as
blank for spectroscopic analysis.
Circular dichroism (CD) spectroscopy

The SPA4 peptide (417 mM) was incubated in 2 mM sodium
lactate solution at room temperature for 24 h. The SPA4 peptide
then was diluted to 83.4 mM concentration in methanol while
maintaining 2 mM concentration of sodium lactate. The spectra
were recorded on a Jasco J-715 CD spectropolarimeter with
a PTC-348 WI Peltier temperature controller as described
earlier.33,34 The samples for CD spectroscopy were maintained at
a temperature of 20 °C, and spectra were obtained using
a 0.1 cm cuvette pathlength with three accumulations per
spectrum. The CD spectra of samples containing SPA4 peptide
were corrected by subtracting spectra of solvent mix containing
equivalent volume of water in place of the peptide.
18866 | RSC Adv., 2023, 13, 18864–18877
SPA4 peptide activity

We determined the SPA4 peptide activity in primary mouse lung
epithelial cell system.

Isolation of mouse lung epithelial cells. Primary lung
epithelial cells were isolated from mice using a combination of
previously published methods.35,36 The age-matched mice were
anesthetized by isourane and euthanized by cervical dislocation.
The diaphragm was cut to expose the heart and the lung. The
inferior vena cava was cut, and ice-cold Dulbecco's phosphate
buffered saline (DPBS) was injected into the right ventricle to
drain out the blood. About 0.5 ml of 50 U ml−1 dispase II solution
(Roche, Basel, Switzerland) was injected into the lung through the
trachea. The lungs then were incubated in dispase II solution on
a shaker-incubator for 1 h at 25 °C. The dispase-digested lungs
were transferred in McCoy's 5A medium (Life Technologies,
Carlsbad, CA) containing 5% fetal bovine serum (FBS) and 50 mg
ml−1 gentamicin (Quality Biological, Gaithersburg, MD), and
mechanically minced. Minced lung suspension was ltered
through 70 mmand 20 mmsterile lter strainers and centrifuged at
300×g for 10 min at room temperature.

Next, the lung epithelial cells were separated from single lung
cell suspension using Optiprep™ (60% Iodixanol, Serum Bern-
burg AG, Bernburg, Germany) density gradient technique devel-
oped by Viscardi et al.36 Briey, a solution of 1.08 g ml−1 Optiprep
density was overlayered with an equivalent volume of 1.04 g ml−1

Optiprep density solution. The lung cell suspension then was
layered on top of the gradient and centrifuged at 400×g for 20min
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Separation of primary mouse lung epithelial cells by density
gradient centrifugation. Lung cell suspension was layered on top of the
Optiprep density gradient solutions of 1.04 and 1.08 g ml−1 and
centrifuged. The layering and separation of lung epithelial cells are
depicted within the figure.
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at room temperature (Fig. 1). Isolated lung epithelial cells were
collected from the band at around 1.056 g ml−1 just below the
interface of cell suspension and gradient. Collected cells were
centrifuged and washed at 490×g for 5 min at room temperature.
The cell pellet was resuspended in McCoy's 5A medium contain-
ing 5% FBS and 50 mg ml−1 gentamicin and subjected to serum
panning. Sterile Petri dishes were coated with 1 : 200 diluted
serum overnight at 4 °C. The cell suspension was layered on the
serum-coated plate and incubated for 1 h at room temperature.
Finally, nonadherent lung epithelial cells were collected and
centrifuged at 770×g for 5 min at room temperature.

Expression of pro-surfactant protein-C (SP-C), a marker of
type II lung epithelial cells. Isolated cells were suspended in
McCoy's 5A medium containing 5% FBS and 50 mg ml−1

gentamicin and seeded in 8 well-chamber slides at the density of
250 000 cells per well and incubated overnight. The cells were
washed and xed with 4% paraformaldehyde and permeabilized
with 0.1% triton-X 100 (Thermo Fisher Scientic, Waltham, MA).
Nonspecic sites were blocked by incubating the cells with 1%
bovine serum albumin (BSA) solution for 1 h. The cells then were
stained with 1 : 500 diluted rabbit anti-pro-SP-C antibody (Sigma,
St. Louis, MO) overnight at 4 °C, washed, and incubated in 1 : 200
diluted Alexa Fluor 568-conjugated goat anti-rabbit IgG antibody
(Abcam, Waltham, MA) for 1 h at room temperature. Aer
washing with DPBS, the cells were stained with 1 : 2000 diluted
Hoechst 33342 dye (nuclear stain, Thermo Fisher Scientic, Wal-
tham, MA). The immunostained cells were mounted using
ProLong Gold anti-fade reagent (Thermo Fisher Scientic, Wal-
tham, MA). The imaging was done by Leica SP8 confocal micro-
scope at 40× objective. Photomicrographs were taken from
random regions.

LPS challenge and treatment with SPA4 peptide. Isolated
primary lung epithelial cells were seeded at the density of 300 000–
600 000 cells per well in 24-well plates and cultured in McCoy's 5A
medium containing 5% FBS and 50 mg ml−1 gentamicin. Aer
overnight incubation, the cells were washed and challenged with 1
mg ml−1 puried Pseudomonas aeruginosa 10-derived LPS (Sigma,
St. Louis, MO) and treated with 100 mM SPA4 peptide (freshly
thawed or pre-incubated in water, 2 mM sodium lactate [higher
© 2023 The Author(s). Published by the Royal Society of Chemistry
concentration than 0.758 mM in simulated lung uid ALF, Table
2] or 500 mM sodium lactate for 24 h) aer 1 h of LPS challenge.

The cell-free supernatants were harvested aer 24 h of LPS
challenge. Briey, the cell culture medium was collected and
centrifuged at 170×g at 4 °C. The cell free-supernatants were
collected and stored at −80 °C.

Secreted levels of lactate

The secreted levels of lactate were measured in cell-free super-
natants using a commercially available lactate assay kit (Bio-
vision, Waltham, MA) per manufacturer's instructions. Briey,
the cell-free supernatants were diluted 1 : 50 in the lactate assay
buffer provided with the kit and centrifuged at 14 000×g for
20 min in 10 kDa spin columns (Abcam, Waltham, MA) to
remove lactate dehydrogenase. Fiy ml of reaction mix con-
taining 46 ml lactate assay buffer, 2 ml lactate enzyme mix and 2
ml lactate probe was added to 50 ml of ltered supernatants and
incubated for 30 min under dark at room temperature. Absor-
bance was then measured at 570 nm wavelength in a microplate
reader (Agilent, Santa Clara, CA). Amounts of lactate were
normalized per number of cells and compared with those
detected in unchallenged, vehicle-treated cells.

Determination of CXCL1/KC in cell-free supernatants

A commercially available ELISA kit was used to measure the
levels of CXCL1/KC in cell-free supernatants (R&D systems,
Minneapolis, MN) per manufacturer's instructions. Briey, the
wells of 96-well of Immulon® 4 HBX high protein binding
affinity ELISA strips (Thermo Fisher Scientic, Waltham, MA)
were coated with 2 mg ml−1 rat anti-mouse CXCL1/KC capture
antibody overnight at room temperature. The wells then were
washed, and non-specic binding sites were blocked with 1%
BSA solution in DPBS. The antibody-coated wells were incu-
bated with diluted recombinant mouse CXCL1/KC standard
solutions and 1 : 5 or 1 : 10 diluted cell-free supernatants over-
night at 4 °C. Aer washing, the wells were incubated with 50 ng
ml−1 biotinylated rat anti-mouse CXCL1/KC detection antibody
for 2 h followed by 1 : 40 diluted streptavidin-horse radish
peroxidase solution for 20 min at room temperature. The
immune complexes were detected by adding tetramethylbenzi-
dine substrate solution (Sigma, St. Louis, MO). The reaction was
stopped by adding 2 N H2SO4, and optical density (OD) was read
spectrophotometrically at 450 nm and 540 nm. The OD values at
540 nm were subtracted from their respective OD values at
450 nm wavelength to adjust for any optical imperfections of
the plates per the manufacturer's instructions. The unchal-
lenged, vehicle-treated cells served as control. The measured
amounts of CXCL1/KC were normalized per number of cells and
compared with those detected in cell-free supernatants from
unchallenged, vehicle-treated cells or LPS-challenged, vehicle-
treated cells.

Statistical analysis

Data were analyzed using t-test or ANOVA (GraphPad Prism, San
Diego, CA), and p < 0.05 was considered statistically signicant
or otherwise indicated.
RSC Adv., 2023, 13, 18864–18877 | 18867
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Fig. 2 The stock solution of the SPA4 peptide in endotoxin-free water (834.2 mM) was incubated at room temperature or at 4 °C for a period of
10 days, and absorbance readings were taken against water as blank. The results are blank subtracted absorbance readings (mean± SEM) at 5 nm
interval between the range of 200–750 nm wavelength (i). The fourth-derivative spectra of original UV-VIS spectra with all blank subtracted
absorbance values were obtained using Graphpad Prism for peak identification between the wavelength range of 200–350 nm. Peaks are
indicated within the figure (ii). The fourth-derivative results were plotted for derivative values in the range of 240–310 nm wavelength (iii).
Absorbance peaks at specific wavelengths are identified within the figure. Results are derived from triplicate runs in three separate experiments
performed on different occasions.
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Results
Primary structure of SPA4 peptide in ambient conditions (4 °C
and room temperature) over time

Original and fourth-derivative UV-VIS spectra overlapped for
834.2 mM SPA4 peptide (stock solution) kept at room tempera-
ture or at 4 °C over a period of 10 days (Fig. 2). Only the blank
subtracted absorbance readings were considered for plotting
the UV-VIS spectra. The fourth-derivative spectra were analyzed
for identication of peaks or any shi in peaks of aromatic
amino acids. The SPA4 peptide encodes one phenylalanine,
three tyrosine, and one tryptophan residues. Although peaks of
these aromatic amino acids may overlap, we divided the fourth-
derivative spectra (240–310 nm) into three regions for (240–270
nm) phenylalanine, (270–290 nm) tyrosine, and (290–310 nm)
tryptophan amino acids for analyzing any changes in the peaks
or vibrational ne structures.29
UV-VIS spectra of the SPA4 peptide at different pH (range 3.0–
10.0) and temperatures (range 25–37 °C)

The UV-VIS spectroscopy (200–750 nm) then was performed for
the 100 mMSPA4 peptide incubated for 1 h at 25 °C, 30 °C, 32 °C,
and 37 °C in phosphate buffer solutions (pH 5.7, 7.0, and 8.0),
18868 | RSC Adv., 2023, 13, 18864–18877
citrate buffer (pH 3.0), and CHES solution (pH 10.0, Table 1).
The 100 mM concentration of SPA4 peptide was used in activity
assays and in our previously published report.5 The original UV-
VIS spectra showed typical primary structure of SPA4 peptide at
pH 5.7, 7.0, and 8.0 (Fig. 3) as described previously.5,27 Lower
absorbance readings were noted between 200–250 nm wave-
lengths for the SPA4 peptide maintained in respective buffer
solutions at pH 3.0 and 10.0. Similarly, the shis in peaks were
noted in the fourth-derivative spectra. The shis in the peaks or
changes in derivative values were prominent for phenylalanine
residue of SPA4 peptide at pH of 3.0. Similarly, an increased
derivative value was obtained at 260 nm for SPA4 peptide at pH
10.0 when incubated at 37 °C (Fig. 3).
Primary structure of the SPA4 peptide in simulated lung uids
and in presence of the chemical components at different
concentrations

The SPA4 peptide was diluted to 100 mM nal concentration in
Gamble's solution (pH 7.4) and ALF (pH 4.5, Table 2) and
incubated at room temperature for 24 h. No changes were
observed in original UV-VIS spectra of SPA4 peptide in these
solutions (Fig. 4A). However, when fourth derivatives of original
spectra were analyzed, the peaks differed for the SPA4 peptide
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-VIS spectra of 100 mM SPA4 peptide at different pH and temperatures. Absorbance reading were gathered for SPA4 peptide solutions
in citrate buffer (pH 3.0, (A)), phosphate buffer solutions (pH 5.7, 7.0, and 8.0, (B–D)), and CHES buffer (pH 10.0, (E)) at temperatures 25 °C, 30 °C,
32 °C, & 37 °C. The composition of respective buffers is provided in Table 1. The SPA4 peptide suspended in water was included in each run. An
equivalent volume of water suspended in respective buffers was maintained in prescribed conditions and served as blank. The UV-VIS spectra of
blank subtracted absorbance readings (mean± SEM) (i), fourth derivative of original UV-VIS spectra (ii), and derivative values in the range of 240–
310 nm wavelength (iii) are shown. Absorbance peaks at specific wavelengths are identified within the figure. Any shift in the peaks, change in
derivative values, and vibrational fine structures for aromatic amino acids of the SPA4 peptide are indicated with an asterisk. Results are derived
from triplicate runs in three separate experiments performed on different occasions.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 18864–18877 | 18869
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Fig. 4 UV-VIS spectroscopy of 100 mM SPA4 peptide suspended in simulated lung fluids (Gamble's solution and ALF). The SPA4 peptide was
incubated in respective solutions for 24 h at room temperature before UV-VIS spectroscopy. The SPA4 peptide suspended in water was included
in each run. An equivalent volume of water was maintained in respective buffers in prescribed condition and served as blank. Original UV-VIS
spectra are shown for the blank subtracted absorbance readings at the interval of 5 nm in the range of 200–750 nmwavelengths. The results are
shown as mean ± SEM (A). Fourth-derivative readings in the range of 200–350 nm (B) and 240–310 nm (C) wavelengths were analyzed.
Absorbance peaks at specific wavelengths are identified within the figure. Any shift in the peaks, change in derivative values, and vibrational fine
structures for aromatic amino acids of the SPA4 peptide are indicated with an asterisk. Results are derived from triplicate runs in three separate
experiments performed on different occasions.

Fig. 5 UV-VIS spectra of the SPA4 peptide (100 mM) suspended in individual chemical components common in both simulated lung fluids
(Gamble's solution and ALF) at prescribed concentrations per Table 2 (also identified within the figure) and at higher concentrations (0.5 M and 1
M). The SPA4 peptide suspension was prepared in respective chemical solutions: calcium chloride (0.87 mM, 2.5 mM, 0.5 M, and 1 M, (A)),
magnesium chloride (0.52 mM, 1 mM, 0.5 M, and 1 M, (B)), sodium chloride (54.9 mM, 103 mM, 0.5 M, and 1 M, (C)), sodium citrate dihydrate
(0.262mM, 0.33mM, 0.5 M, and 1 M, (D)), sodium phosphate dibasic (0.5mM, 1mM, and 0.5M, (E)), and sodium sulfate (0.275mM, 0.5mM, 0.5 M,
and 1 M, (F)). The original UV-VIS spectra (200–750 nm, mean± SEM of absorbance readings, (i)) and fourth-derivative spectra (200–350 nm and
240–310 nm, (ii, iii)) of blank subtracted absorbance readings are included. Absorbance peaks at specific wavelengths are identified within the
figure. Additional peaks beyond 350 nmwavelength are identified as # symbol. Any shift in the peaks, change in derivative values, and vibrational
fine structures for aromatic amino acids of the SPA4 peptide are indicated with an asterisk. An equivalent volume of water was maintained in
respective chemical solutions under prescribed condition and served as blank. Results are derived from triplicate runs in three separate
experiments performed on different occasions.
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in simulated lung uids (225 and 245 nm in Gamble's solution,
220 nm in ALF, Fig. 4B). The peaks at different wavelengths
indicate the vibrational shi of phenylalanine residue when
diluted in Gamble's solution and ALF. A slight shi towards
18870 | RSC Adv., 2023, 13, 18864–18877
lower wavelength was also observed in the tryptophan region
(Fig. 4C).

We also evaluated the effect of individual chemical ingredi-
ents of simulated lung uids on UV-VIS spectra of the SPA4
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02918b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
11

/2
02

5 
6:

53
:3

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
peptide. The SPA4 peptide diluted in water and in individual
chemicals solutions at higher concentrations (0.5 M and 1 M)
served as controls. The peptide was replaced with an equivalent
amount of water in blank solutions. The results are presented
for the UV-VIS spectra of SPA4 peptide (100 mM) in ingredients
common in Gamble's solution and ALF (Fig. 5) or are part of
Gamble's solution (Fig. 6) or ALF (Fig. 7). There was no signif-
icant change in the original UV-VIS spectral pattern or absor-
bance values of the SPA4 peptide maintained in simulated lung
Fig. 6 UV-VIS spectra of the SPA4 peptide (100 mM) suspended in individ
those included in Fig. 5 at prescribed concentrations per Table 2 and at hi
prepared in respective chemical solutions of potassium chloride (4 mM, 0
and sodium bicarbonate (31 mM and 0.5 M, (C)). The original UV-VIS spec
derivative spectra (200–350 nm and 240–310 nm, (ii, iii)) of blank subtra
was maintained in respective chemical solutions under prescribed condit
identified within the figure. Any shift in the peaks, change in derivative valu
peptide are indicated with an asterisk. Results are derived from triplicate

© 2023 The Author(s). Published by the Royal Society of Chemistry
uids and components, except in the sodium hydroxide solu-
tion. Also, slightly lower absorbance values were noted for SPA4
peptide maintained in magnesium chloride, sodium lactate,
sodium pyruvate, and sodium tartrate dihydrate solutions at
prescribed concentrations. Shis in peaks, positive or negative
direction of peaks, and derivative values were noted for the SPA4
peptide when diluted in Gamble's solution, ALF, and some of
the individual components (Fig. 5–7).
ual chemical components specific to Gamble's solution in addition to
gher concentrations (0.5 M and 1 M). The SPA4 peptide suspension was
.5 M, and 1 M, (A)), sodium acetate trihydrate (7 mM, 0.5 M, and 1 M, (B)),
tra (200–750 nm, mean ± SEM of absorbance readings, (i)) and fourth-
cted absorbance readings are included. An equivalent volume of water
ion and served as blank. Absorbance peaks at specific wavelengths are
es, and vibrational fine structures for aromatic amino acids of the SPA4
runs in three separate experiments performed on different occasions.
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Fig. 7 UV-VIS spectra of the SPA4 peptide (100 mM) suspended in individual chemical components specific to ALF in addition to those included in
Fig. 5 at prescribed concentrations per Table 2 and at higher concentrations (0.5 M and 1 M). The SPA4 peptide suspension was prepared in
respective chemical solutions of citric acid (108.26 mM, 0.5 M, and 1 M, (A)), glycine (0.785 mM, 0.5 M, and 1 M, (B)), sodium hydroxide (150 mM,
0.5 M, and 1 M, (C)), sodium lactate (0.758mM, 0.5 M, and 1 M, (D)), sodium pyruvate (0.781mM, 0.5 M, and 1 M, (E)), and sodium tartrate dihydrate
(0.391 mM, 0.5 M, and 1 M, (F)). The original UV-VIS spectra (200–750 nm, mean ± SEM of absorbance readings, (i) and fourth-derivative spectra
(200–350 nm and 240–310 nm, (ii, iii) of blank subtracted absorbance readings are included. An equivalent volume of water was maintained in
respective chemical solutions under prescribed condition and served as blank. Absorbance peaks at specific wavelengths are identifiedwithin the
figure. Any shift in the peaks, change in derivative values, and vibrational fine structures for aromatic amino acids of the SPA4 peptide are
indicated with an asterisk. Results are derived from triplicate runs in three separate experiments performed on different occasions.

Fig. 8 Isolated primary mouse lung epithelial cells were uniform in
morphology and expressed pro-SP-C protein (marker of type II lung
epithelial cells). Representative brightfield photomicrographs of iso-
lated cells are shown in (A). The harvested cells stained for pro-SP-C (in
red) and cell nuclei (in blue) were analyzed by confocal microscopy.
Representative confocal photomicrographs of stained cells are
included in (B). The photomicrographs are representative of two
experiments.
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SPA4 peptide treatment reduces the secreted levels of CXCL1/
KC and lactate in primary mouse lung epithelial cells against
P. aeruginosa LPS

To determine the activity of the SPA4 peptide, we isolated
primary mouse lung epithelial cells. Ninety eight percent of the
primary mouse lung epithelial cells were viable. The isolated
cells were uniform in morphology and stained for pro-SP-C,
a precursor protein of SP-C and a marker of lung type II
epithelial cells (Fig. 8).

As expected, the P. aeruginosa LPS challenge stimulated the
secretion of CXCL1/KC (895.4 pg ml−1) and lactate (39.5 nmol)
per 100 000 primary mouse lung epithelial cells over a period of
24 h. However, the SPA4 peptide treatment reduced the secreted
levels of LPS-stimulated CXCL1/KC (502.4 pg ml−1, p < 0.05
versus LPS-challenged, vehicle-treated cells) and lactate (35
nmol, p = 0.09 versus LPS-challenged, vehicle-treated cells). The
amounts of CXCL1/KC and lactate in the SPA4 peptide treat-
ment group were not statistically different from those in the
unchallenged, vehicle-treatment group (Fig. 9).

Primary and secondary structure of SPA4 peptide in 2 mM
sodium lactate solution

The primary structure of SPA4 peptide (417 mM) was maintained
when incubated in 2 mM sodium lactate solution (higher
concentration than 0.758 mM in simulated lung uid ALF,
Table 2) for 24 h at room temperature compared to that in water
(Fig. 10A). Original UV-VIS and fourth-derivative spectra over-
lapped for SPA4 peptide in 2 mM sodium lactate and water.
Furthermore, the CD spectroscopy demonstrated intact
18872 | RSC Adv., 2023, 13, 18864–18877
secondary structure of SPA4 peptide (83.4 mM, Fig. 10C)
compared to that in water as published earlier.5,27,33 However,
low absorbance readings between 200–220 nm wavelengths
suggest an effect on peptide backbone of SPA4 peptide in the
presence of 500 mM sodium lactate (Fig. 10B).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SPA4 peptide treatment suppresses the LPS-induced secretion of CXCL1/KC (A) and lactate (B) in primary mouse lung epithelial cells. The
cells were challenged by 1 mgml−1 P. aeruginosa LPS and treated with 100 mM SPA4 peptide. The cell-free supernatants were collected after 24 h
of LPS challenge, and levels of CXCL1/KC and lactate were measured by using an ELISA or biochemical assay, respectively. Measured levels of
analytes were normalized with 100 000 cells. The bars show (mean + SEM) normalized values as percentage of those for LPS-challenged cells.
Average values are indicated within the figure. Results are derived from three separate experiments performed on separate occasions. Statistical
significance was determined by t-test.

Fig. 10 Structure of the SPA4 peptide after pre-incubation in 2 mM sodium lactate (A, C) and 500 mM sodium lactate (B) solutions for 24 h at
room temperature. The original UV-VIS spectra (200–750 nm, mean ± SEM of absorbance readings, (A and B (i))) and fourth-derivative spectra
(200–350 nm and 240–310 nm, A and B (ii, iii)) of blank subtracted absorbance readings of SPA4 peptide (417 mM) are included. An equivalent
volume of water was maintained in respective chemical solutions under prescribed condition and served as blank. Absorbance peaks at specific
wavelengths are identified within the figure. Results are derived from triplicate runs in three separate experiments performed on different
occasions. Representative CD spectrum of the SPA4 peptide (83.4 mM) pre-incubated in 2 mM sodium lactate solution for 24 h at room
temperature is shown in (C).
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Structure–activity relation of SPA4 peptide

We further examined the activity of SPA4 peptide (at 417 mM
concentration) pre-incubated in sodium lactate solutions or water
at room temperature for 24 h and diluted to 100 mM for treatment
of primary mouse lung epithelial cells. Consistently, the SPA4
peptide with intact structure in 2mMsodium lactate solution or in
vehicle signicantly suppressed the LPS-induced secretion of
© 2023 The Author(s). Published by the Royal Society of Chemistry
CXCL1/KC (Fig. 11). However, SPA4 peptide with its disrupted
structure in 500 mM sodium lactate solution did not affect the
LPS-induced CXCL1/KC secretion.
Discussion

The activity of a peptide can be affected by several factors
including pH, ionic strength, and chemicals and metabolites
RSC Adv., 2023, 13, 18864–18877 | 18873
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Fig. 11 Intact structure of SPA4 peptide after incubation in 2 mM
sodium lactate solution maintains the anti-inflammatory activity
against LPS stimuli. The SPA4 peptide (417 mM) was pre-incubated in
water (vehicle), 2 mM sodium lactate, or 500 mM sodium lactate
solutions for 24 h. Primary mouse lung epithelial cells then were
challenged with P. aeruginosa LPS (1 mg ml−1) and treated with 100 mM
SPA4 peptide after 1 h of LPS challenge. Secreted levels of CXCL1/KC
were measured in cell-free supernatants after 24 h of LPS challenge
and normalized with the number of cells. The bars (mean + SEM) are
normalized values as percent of measured levels of CXCL1/KC in cell-
free supernatants of LPS-challenged cells. The results are derived from
three-six experiments performed on separate occasions, and the t-
test was used for statistical analysis.
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present in the biological system and tissue microenvironment.
For an example, change in the conformation of 37-residue
human antibacterial peptide LL-37 at acidic pH diminishes its
activity. Specically, helical content of LL-37 decreases at pH <
5.0, and the conformation is completely disordered at a pH <
2.0.37 In another instance, the antibacterial activity of hepcidin
20 and 25 is increased at acidic pH 5.0 and 6.6.38 While the
structure and physicochemical properties of SPA4 peptide are
compatible for binding to TLR4 and anti-inammatory
activity,27,33 the stability and structure–activity relation of SPA4
peptide remained unknown under ambient and stressed
conditions.

The results of this study demonstrate the stability of the
structure of the SPA4 peptide at room temperature and at 4 °C
during a study period of 10 days (Fig. 2). These results are
consistent with its stability in prescribed storage in frozen state
over its shelf-life of 6 months.5 The primary structure of the
SPA4 peptide also is not affected when maintained at physio-
logical concentration of 100 mM in phosphate buffer solutions
of pH 5.7, 7.0, and 8.0 for 1 h at temperatures of 25–37 °C.
However, the peptide bonds of SPA4 peptide are disrupted and
absorbance peaks are shied at pH 3.0 and 10.0 (Fig. 3).

Simulated lung uids (Gamble's solution and ALF) were
included to evaluate the stability of the primary structure of the
18874 | RSC Adv., 2023, 13, 18864–18877
SPA4 peptide in the presence of different electrolytes and salts
as observed in healthy and injured lungs. However, the organic
acids, proteins, and lung surfactant were not incorporated in
these solutions.21 Research studies in the past have used
Gamble's solution and ALF mainly to determine dissolution,
solubility, and physical properties of inhaled materials and
nanoparticles.39–41 The original UV-VIS spectra of the SPA4
peptide in both uids were comparable to that in water (Fig. 4),
but peak shis were identied between wavelengths 240–
310 nm. The original UV-VIS spectra remained unaltered in all
the chemical components of simulated lung uids except for
sodium hydroxide, one of the components of ALF (Table 2).
Also, slightly lower absorbance values were obtained for SPA4
peptide in magnesium chloride, sodium lactate, sodium pyru-
vate, and sodium tartrate dihydrate solutions. Alterations were
identied in the form of shis in peaks, derivative values, and
vibrational ne structures within fourth-derivate UV-VIS spectra
of SPA4 peptide incubated in distinct chemical solutions at
prescribed concentrations in simulated lung uids.

The physiological concentrations of all these chemical
components of simulated lung uids are not completely known
in healthy or injured lungs. However, one of the hallmarks of
acute lung inammation and injury is the alteration of elec-
trolyte levels. Hyponatremia, hypomagnesemia, and hypoka-
lemia are commonly observed in various lung diseases42–51

Citrate produced during tricarboxylic acid cycle or Kreb's cycle
of cellular respiration activates immune cells and production of
proinammatory mediators.52 Accumulation of citrate also
results into death of alveolar epithelial cells during LPS-induced
injury due to necroptosis.53 Dysregulated glycolysis and meta-
bolic pathways are associated with an inammatory response
during tissue injuries.54 An elevated level of lactate is frequently
observed in critically ill patients, and is prognostic marker of
mortality in patients with ARDS.25,26 And, reduced lactate in
serum is associated with higher survival among patients with
acute respiratory failure.55–57 Our results show the LPS-
stimulated CXCL1/KC and lactate secretion by mouse lung
epithelial cells (Fig. 9), which corroborates with an increased
accumulation of lactate in serum and lung tissue homogenates
of the mouse models of lung infection and inammation.3,58

Therapeutic treatment with the SPA4 peptide reduces the
secreted levels of lactate and CXCL1/KC in mouse models3,58

and in lung epithelial cells (Fig. 9). Since the SPA4 peptide is
given therapeutically, we questioned whether the structure–
activity relationship of the SPA4 peptide is affected in presence
of lactate.

The original and fourth-derivative UV-VIS spectra of the SPA4
peptide in 2 mM sodium lactate solution overlapped with those
in water aer 24 h incubation at room temperature (Fig. 10A).
And secondary structure was maintained for SPA4 peptide in
2 mM sodium lactate solution as evident by CD spectrum in
Fig. 10C. The characteristics of secondary structure of SPA4
peptide (Fig. 10C) were similar to those of SPA4 peptide in water
as published earlier.5,27,33 As published earlier, the UV-VIS
spectrum of SPA4 peptide depicts the absorbance peaks at
wavelength range of 200–220 nm due to its backbone peptide
bonds.27 However, lower absorbance readings and a slight shi
© 2023 The Author(s). Published by the Royal Society of Chemistry
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in peaks were noted for SPA4 peptide maintained in 500 mM
sodium lactate solution indicating affected backbone peptide
bonds (Fig. 10B).

An assessment of activity included the SPA4 peptide with
intact or disrupted structure aer pre-incubation in water
(vehicle), 2 mM sodium lactate or 500 mM sodium lactate for
24 h at room temperature. The SPA4 peptide was diluted to 100
mM for cell treatments against LPS challenge (Fig. 11). As per
Fig. 9, the secreted levels of CXCL/KC were considered as an
end-point study parameter for SPA4 peptide activity against LPS
stimuli. Our results demonstrated suppression of LPS-induced
secretion of CXCL1/KC by SPA4 peptide with intact structure
aer pre-incubation in water or 2 mM sodium lactate (Fig. 11).
Together, these results reveal the stability and structure–activity
relationship of the SPA4 peptide in ambient conditions and
simulated uids and systems mimicking lung injury. Further
studies are warranted to delineate the molecular mechanism of
cellular metabolism during injury and the effect of SPA4 peptide
on lung homeostasis.
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