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Chronic inflammation is considered a pressing health issue that needs resolving.
Inflammatory disease such as inflammatory bowel disease requires a long-term
medical regimen to prevent disease progression. Conventionally, lactoferrin is used to
treat mild gastrointestinal tract and skin inflammation. Protease-digested lactoferrin
fragments often exhibit improved therapeutic properties compared to full-length
lactoferrin (fIHLF). However, there are no studies on the use of protease-digested
lactoferrin fragments to treat inflammation. Herein, we assess the anti-inflammatory
properties of engineered recombinant lactoferrin fragments (rtHLF4, rteHLF1, and
roHLF2) on non-malignant colonic fibroblast cells and colorectal cancer cells. We
found that rtHLF4 is 10 times more effective to prevent inflammation compared to
fIHLF. These results were investigated by looking into the reactive oxygen species
(ROS) production, angiogenesis activity, and cellular proliferation of the treated cells.
We have demonstrated in this study the anti-inflammatory properties of the fIHLF and the
various lactoferrin fragments. These results complement the anti-cancer properties of
these proteins that were demonstrated in an earlier study.

Keywords: lactoferrin, anti-infammatory, protease-digested, non-malignant colonic fibroblasts cells, tNF-alpha

INTRODUCTION

Patients suffering from inflammatory bowel disease (IBD) are more at risk of developing colorectal
cancer in the later stages of their lives (Barral et al., 2016). In the United States of America and
Europe, more than 3 million patients are suffering from IBD, where the prevalence of IBD is
estimated to exceed 0.3% in North American, Oceania, and European countries (Alatab et al., 2020).
In the recent decade, the number of IBD patients in mainland China has shown a significant rise
(Zhai et al., 2016). Depending on the severity, mild chronic IBD is usually treated using drugs such as

Abbreviations: ACTB, beta actin; COX-2, cyclo-oxygenase-2; fIHLF, full-length lactoferrin; IL-1f, interleukin 1 beta; IL-6,
interleukin 6; IL-8, interleukin 8; NF-kB, nuclear factor kappa B; rpHLF2, recombinant engineered-lactoferrin 2; rteHLF1,
recombinant engineered-lactoferrin 1; rtHLF4, recombinant engineered-lactoferrin 4; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; TNF-a, tumor necrosis factor-alpha.
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aminosalicylates (Gisbert et al., 2007), corticosteroids (Waljee AK
et al, 2016), immunomodulators (Biancone et al., 2014), and
probiotic microbial regiment (Scaldaferri et al., 2013), whereas
severe cases of IBD require open surgery to resect damaged
tissues within the gastrointestinal tract (Maggiori and Panis,
2013). In line with this, there is an increasing need to develop
less invasive treatments with higher efficacy to treat IBD.

Naturally occurring lactoferrin is an iron-binding glycoprotein
released by inflamed tissues, functioning as the first line of defense
in the mammalian host (Rosa et al., 2017). Lactoferrin is known to
have anti-inflammatory (Conneely, 2001), antibacterial (Jahani
et al,, 2015), antioxidant (Ibuki et al., 2020), and anticarcinogenic
(Rodrigues et al, 2009) properties. Certain protease-digested
lactoferrin fragments were found to exhibit improved therapeutic
activities (Gifford et al., 2005), where our recent research found that
protease-digested recombinantly expressed full-length human
lactoferrin (flHLF) showed improved anti-cancer properties (Pan
et al,, 2021). We identified three lactoferrin fragments (rtHLF4,
rteHLF1, and rpHLF2) exhibiting improved anti-cancer activity.
rtHLF4, in particular, showed up to 100-fold improved anti-cancer
activity against various cancer cell lines compared to fIHLF (Pan
et al, 2021). In the study, rtHLF4 inhibits all the tested cancer cell
lines, whereas rteHLF1 and rpHLF2 inhibit the growth of 75% of the
tested cancer cell lines. In addition, only fragment rtHLF4 showed
improved stability under human physiological temperature and pH
(Pan et al, 2021). rtHLF4 exerts its anti-cancer properties by
changing the expression levels of proteins involved in the death
receptor  pathway, mitochondrial outer membrane
permeabilization, and P53-related pathway. We hypothesize that
the anti-inflammatory activity of these lactoferrin fragments also
contributes to the anti-cancer properties. This study follows up on
our earlier investigation of the various lactoferrin fragments,
studying the anti-inflammatory properties, in efforts to further
develop these lactoferrin fragments as an IBD treatment and as a
prevention of colorectal cancer progression.

MATERIALS AND METHODS

Materials

All culturing media ingredients were purchased from Oxoid
(Basingstoke, ~Hampshire, United Kingdom), Macklin
(Shanghai, China), and Aladdin (Shanghai, China).
Biochemical assay solutions were purchased from Aladdin,
Dieckmann (Shenzhen, Guangdong, China), and Shanghai
Lingfeng Chemical Reagent co., LTD. (Shanghai, China).
I-TASSER  server (https://zhanggroup.org//I-TASSER/) was
used for the prediction of the 3D structure of the human
lactoferrin. Other chemicals used are specified in the
methods below.

Gene Cloning

The rtHLF4, rteHLF1, and rpHLF2 genes were amplified by
PCR from the full-length lactoferrin (Accession number:
AAA59511) using primers in Supplementary Table S2.
These fragment sequences were digested and ligated into
PET28b expression vector. All these resulting constructs were
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confirmed by automated DNA sequencing using universal
primers.

Protein Purification

The plasmids (pET28b-fIHLF, pET28b-rtHLF4, pET28b-rteHLF1,
and pET28b-rpHLF2) were transformed into E. coli BL21 (DE3)
cultured in lysogeny broth (LB) at 37°C, 220 rpm to ODgg = 0.6
followed by 0.5mM isopropyl [-D-1-thiogalactopyranoside
(IPTG) induction at 16°C, 160rpm for 20h. Cells were
harvested, resuspended in lysis buffer (50 mM Na,HPO,,
300 mM NaCl, 10% glycerol, and 1 mM dithiothreitol, pH
7.5), and lysed using EmulsiFlex-C3 (Avestin). Expressed full-
length lactoferrin and recombinant lactoferrin fragments
(rtHLF4, rteHLF1, and rpHLF2) were purified by immobilized
metal ion affinity chromatography nickel-nitrilotriacetic acid
(IMAC Ni-NTA). The full-length lactoferrin and lactoferrin
fragment rtHLF4 purification was followed by Hiload
Superdex 200 size exclusion column chromatography (GE
Healthcare). The lactoferrin fragment rteHLF1 and rpHLEF2
purification followed by Hiload Superdex 75 size exclusion
column chromatography (GE Healthcare). The purified
protein was concentrated and stored at —80°C. We use a lipase
assay kit (Acmec Biochemical, BC2340) to detect the percentage
of LPS in full-length lactoferrin and various lactoferrin fragments.
UTI89 was used as the positive control.

Hemolytic Assay

Fresh blood was collected from healthy human volunteers (aged
between 20 and 40 years old, devoid of any non-steroidal anti-
inflammatory drugs for 2 weeks prior) and was mixed with an equal
volume of sterilized Alsever solution (2% dextrose, 0.8% sodium
citrate, 0.5% citric acid, and 0.42% sodium chloride). The blood was
centrifuged for 5 min at 3,000 rpm. The concentrated cell stock was
prepared by resuspending cell pellets in isosaline (0.9% w/v NaCl).
Cell stock was diluted 10-fold in isosaline to achieve working
concentrations. Various concentrations of the fIHLF/rtHLF4/
rteHLF1/rpHLF2 protein (100, 80, 50, 30, 10, 8, 5, 3, and 1 uM)
were prepared in protein buffer, and to each concentration, 1 ml of
phosphate buffer, 2 ml of hyposaline, and 0.5 ml of HRBC (human
red blood cells) suspension were added. The cell suspensions were
incubated at 37°C for 30 min and centrifuged at 3,000 rpm for
20 min. The hemoglobin content in the supernatant solution was
estimated spectrophotometrically at 560 nm. Indomethacin
(100 pg/ml) was used as the reference standard. The percentage
of hemolysis was calculated by assuming the hemolysis produced by
the control group as 100%. The HRBC membrane stabilization or
protection percentage was calculated using the following formula:
percent protection = 100 — [(OD of protein treated sample/OD of
control) 100]. All experiments were conducted with the approval of
the Institutional Review Board at the Southern University of Science
and Technology, under the title of “Evaluation of the safety of
therapeutic peptides by hemolysis” with approval number
2020SYGO096.

Cell Culture
Human non-cancer colon fibroblast CCD-841-CON and CCD-
18co, HT29 human colorectal adenocarcinoma cells were
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FIGURE 1 | Expression of anti-inflammatory lactoferrin fragments. (A)
SDS-PAGE of lactoferrin fragments (M, marker; 1, fIHLF; 2, rtHLF4; 3,
rteHLF1; 4, rpHLF2). (B) Percentage of ferric iron saturation of lactoferrin
fragments (inset: 1, fIHLF; 2, tHLF4; 3, rteHLF1; 4, rpHLF2; samples
prepared at 0.1 mM) (each group perform in triplicates). Model of lactoferrin
fragments’ structure (C) fIHLF; (D) rtHLF4; (E) rteHLF1; (F) rpHLF2. (G) The
sequence length of lactoferrin-derived fragments compared to lactoferrin
[iron-binding sites: 61, 122, 118, 186, 247, and 93 (indicated as black short
dash); N-glycosylation sites: 138, 479, and 624 (indicated as gray dotted line)].
Anti-hemolytic assay of recombinant lactoferrin.

obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). CCD-841-CON and CCD-18co were
cultured in Eagle’s Minimum Essential Medium (WISENT,
320-006-CL), and HT29 cells were cultured in McCoy’s 5A
medium (CELL COOK, CM 2002). All the cell culture media
were supplemented with 1% antibiotics (penicillin/streptomycin)
and 10% fetal bovine serum (v/v). All cell cultures were
maintained at 37°C in a 5% CO, atmosphere.

Cell Viability Assay

CCD-841-CON and CCD-18co cell lines were cultured in EMEM
medium supplemented with 1% antibiotics (penicillin/
streptomycin) and 10% fetal bovine serum (v/v). HT29
cells were cultured in McCoy’s 5A medium supplemented
with 1% antibiotics (penicillin/streptomycin) and 10% fetal
bovine serum (v/v). These three cell lines were seeded in 96-
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well plates and incubated for 24 h to allow cell attachment.
The cultures were incubated with full-length lactoferrin
(flIHLF), rtHLF4, rteHLF1, and rpHLF2 till 3-, 24-, and 72-
h time points, and untreated wells were also included. The
cell viability assay using CellTiter 96® Aqueous One Solution
Kit (Promega, USA). Cell culture media was aspirated, and
the cells were washed with phosphate-buffered saline (PBS)
before incubating the cells with MTS for 1-4 h at 37°C in 5%
CO,. Add 10% SDS to end the reaction. All wells were read at
an absorbance wavelength of 490 nm. Relative cell viability
was quantified with the fluorescence intensity in the control
group considered as 100%. Three independent experiments
were performed.

Reactive Oxygen Species Generation Assay
CCD-841-CON and CCD-18co cell lines were cultured in normal
EMEM medium with 10% fetal bovine serum (v/v). HT29 cells
were cultured in McCoy’s 5A medium, which was supplemented
with 10% fetal bovine serum (v/v). These three cell lines were
seeded in 96-well plates and incubated for 24 h. Referring to the
methods of Venencio’s article, the CCD-841-CON and CCD-
18co cells were treated with TNF-a (10 ng/ml) for ROS induction,
and all cultures were treated with fIHLF, rtHLF4, rteHLF1, and
rpHLF2, respectively for 24 h, and TNF-a (10 ng/ml) was used to
induce ROS generation and inflammation in CCD-841-CON and
CCD-18co (Venancio et al,, 2017). The Reactive Oxygen Species
Assay Kit (Beyotime, China) was used in ROS assay. Cells were
washed twice with PBS before incubating with DCFH-DA for
20 min at 37°C, and the fluorescence intensity of each well was
measured using a microplate reader at 488 nm excitation and
525 nm emission. Relative ROS generation was quantified with
the fluorescence intensity in the control group considered as
100%. Three independent experiments were performed.

Real-Time Reverse

Transcription-Polymerase Chain Reaction

CCD-841-CON, CCD-18co, and HT29 cells were seeded in six-
well plates and incubated for 24 h. Cells were treated with
lactoferrin fIHLF, rtHLF4, rteHLF1, and rpHLF2 for 24 h. In
CCD-841-CON and CCD-18co cells, 10 ng/ml TNF-a was used
to induce inflammation. Negative (cell only) and positive (TNF-
a) controls were also performed. RNA in three wells was extracted
using Eastep® Super Total RNA Extraction Kit (Promega, USA)
as stated by the manufacturer. For the synthesis of cDNA, 1-
ug RNAs of each sample was reversed transcribed to cDNA
using the GoScriptTM Reverse Transcription System
(Promega, USA), according to the manufacturer’s
instructions. Subsequently, 20ng of cDNAs was mixed
with specific primers, and quantitative PCR (qPCR) was
performed by using FasStart Universal SYBR Green Master
(ROX) (Promega) using the ABI StepOne Plus Real-time PCR
System (Applied Biosystems, Foster City, CA, USA). mRNA
expression of nuclear factor kappa B (NF-xB), tumor necrosis
factor-alpha (TNF-«), interleukin 1 beta (IL-1p), interleukin
6 (IL-6), interleukin 8 (IL-8), and cyclo-oxygenase-2 (COX-2)
was analyzed using beta-actin (ACTB) as a reference gene.
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FIGURE 2 | Human erythrocyte hemolytic assay using recombinant lactoferrin. Hemolysis activity of (A) fIHLF; (B) rtHLF4; (C) rteHLF1; and (D) rpHLF2. (Inset:
hemolytic results using the corresponding fIHLF, rtHLF4, rteHLF1, and rpHLF2 concentration; n = 10, negative control, PBS) (*p < 0.05, **p < 0.01, and ***p < 0.001). Cell

The primer sequence used in this study is provided in
Supplementary Table S1. Data were calculated relative to
the control group using the classic 272" method.

Western Blot

Protein expression levels were analyzed by Western blot. Cells
were seeded in six-well plates and incubated with lactoferrin
fIHLF, rtHLF4, rteHLF1, and rpHLF2 for 24 h. Cells were washed
in PBS and lysed in RIPA buffer (0.6057 g Tris base, 0.877 g NaCl,
10 ml).

Nonident P-40, 5 ml of 10% Na-deoxycholate, 1 ml of 10%
sodium dodecyl sulfate, pH set to 7.5, adjusted to 100 ml with
H,O for 30 min before centrifugation and supernatant collection.
Subsequently, 20 ul of whole-cell extracts were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene difluoride

(PVDF) membranes. The membranes were blocked with 5%
non-fat-milk and then incubated within primary antibodies:
ACTB (Abcam, UK, ab213262), NF-KB (Abcam, UK,
ab76302), TNF-a (Abcam, UK, ab183218), IL-1B (Abcam, UK,
ab216995), IL-6 (Abcam, UK, ab233706), IL-8 (Abcam, UK,
ab235584), and COX-2 (Abcam, UK, abl179800) at 4°C
overnight. The membranes were then incubated with the
secondary antibodies (Abcam, UK, ab6721) for 2 h. Blots were
visualized by the enhanced chemiluminescence (ECL) method.

Statistical Analysis

All data were presented from three independent experiments.
Each experiment has three replicates. Statistical differences
between groups were analyzed by Student’s t-test. Statistical
significance thresholds are *p < 0.05, **p < 0.01, and
©p < 0.001.
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TABLE 1 | Cell viability and ROS generation of different colorectal cell lines treated with purified lactoferrin derivatives. Assays were conducted in triplicate.

Cell lines - Cell viability (ICs0) ROS generation, treated vs. untreated (%)
Lactoferrin 3h ICso 24 h ICso 10 yM 0.1 pM 0.05 pM
fragment (ICs0, UM) fold (ICs0, UM) fold
change change
compared compared
to fIHLF to fIHLF
CCD- FIHLF 1491 £ 5.2 1.00 66.7 + 3.3 1.00 89.2 +8.3 95.0 + 3.8 111.0+ 29
841-CON rtHLF4 267.8 + 8.8 1.80 60.4 + 5.2 0.90 652 +4.3 98.5+55 1119+ 1.8
rteHLF1 149.4 + 2.3 1.00 539+ 1.1 0.81 83.2+4.4 95.1+20 106.6 + 1.4
rpHLF2 1251 + 3.4 0.84 67.3+1.1 1.01 84.6 + 6.7 97.2 +9.4 1035 + 2.7
CCD-18co FIHLF 133.8 £+ 3.3 1.00 717 +18 1.00 85.0+23 94.8 + 3.0 97.0+ 4.2
rtHLF4 186.2 + 1.1 1.39 59.4 +1.2 0.83 61.3+5.6 83.7 + 0.5 94.5 + 4.2
rteHLF1 1143 £ 2.0 0.85 53.1+1.8 0.74 823+1.8 95.7 +1.3 942 + 5.4
rpHLF2 104.2 + 2.0 0.78 93.6 +1.3 1.31 742 + 45 85.2 +6.2 96.1 +1.9
HT29 fIHLF 83.5+1.7 1.00 67.8+1.4 1.00 87.0+ 3.3 103.2 + 11.1 117.7 £ 6.7
rtHLF4 134 + 2.1 0.16 3.6 + 0.6 0.05 83.0 + 5.1 80.8 + 5.1 89.5+55
rteHLF1 100.5 + 3.1 1.20 730+ 1.6 1.08 104.7 + 2.8 103.9 + 3.1 110.7 £+ 4.7
rpHLF2 1295 + 2.6 1.55 409 +29 0.60 85.3+7.2 89.0 + 9.9 97.3 + 8.6

RESULTS AND DISCUSSION

Expression and Characterization of
Recombinant Engineered Lactoferrin

Fragments

The recombinantly expressed lactoferrin fragments rtHLF4,
rteHLF1, and rpHLF2 were based on our earlier published
work (Pan et al., 2021). In that study, we observed that the
rtHLF4 and fIHLF protein could negate the indomethacin-
induced hemolytic activity. This preliminary result suggests
that on top of the anti-cancer properties, the lactoferrin
fragments can further prevent inflammation, further reducing
the chances of carcinogenesis of tumor cells.

The soluble recombinantly expressed lactoferrin fragments
were successfully purified (Figure 1A) and showed changes in the
ferric binding ability supported by the changes in the color of the
purified protein (Figure 1B). Based on the iron saturation assay,
we found that rtHLF4, rteHLF1, and rpHLF2 showed lower levels
of ferric occupancy than fIHLF (Figure 1B). rtHLF4, showing a
lighter brown hue than fIHLF, showed approximately twofold
lower in iron saturation, whereas the colorless purified rteHLF1
and rpHLF2 showed less than 5% in iron saturation (Figure 1B
inset).

We hypothesize that the iron saturation is due to the
truncation of the fIHLF, perturbing the ferric binding
domains within the lactoferrin structure. In order to
understand the changes of rtHLF4, rteHLF1, and rpHLF2
iron saturation profile, we used the I-TASSER modeled
structures of these three proteins that showed structural
perturbation of the ferric ion-binding pocket resulting from
the loss of critical residues within the N- and C-terminus
regions of the proteins (Figures 1C-F). Closer investigation of
the iron-binding conserved residues (comprising two
tyrosines, a histidine and an aspartic acid, and two other
carbonate-interacting residues that facilitate metal ion
sequestration) showed that all the truncated sequences

showed a loss of a single critical residue, resulting in the
loss of the iron-binding ability (Lambert et al., 2005). Both
rtHLF4 and rteHLF1 retain three conserved residues aside
from D63, whereas rpHLF2 retains three conserved residues
aside from H249 (Figure 1G, Supplementary Figure S1).

In order to ensure that the purified protein does not influence
the inflammatory factors during testing, we found low levels of
LPS contamination (<2.5%) from the purified proteins
(Supplementary Figure S2).

We employed the indomethacin-hemolytic assay as a
preliminary evaluation of the anti-inflammation properties of
the four recombinant proteins. The indomethacin-hemolytic
assay was previously used to evaluate plant extract’s anti-
inflammatory and toxicity properties (Joseph et al, 2013),
where indomethacin is used as a measure for membrane
cytotoxicity mimicking the conditions of intracellular
inflammation (Debnath et al., 2013).

The recombinant fIHLF showed minimal inhibitory
concentration at 50% (MICsy) of over 80 uM (Figure 2A),
similar to the previous reports (Conneely, 2001; Samuelsen
et al., 2004; Fedorka et al., 2018). Thus, it is likely that fIHLF
exhibits anti-inflammatory activities via direct interaction with
the host cells and the inhibition of inflammation-causing
pathogens (Drago-Serrano et al., 2017). Comparatively, rtHLF4
has an MICs, of approximately 5uM, an order of magnitude
lower than fIHLF (Figure 2B). Although rteHLF1 shows some
form of anti-hemolytic properties, the protein could not achieve
50% inhibition despite using up to 100 uM of the protein
(Figure 2C). rpHLF2’s MICs, is above 50uM, showing a slight
improvement over the fIHLF (Figure 2D).

Our data indicate that all the purified proteins had anti-
hemolytic properties, where rtHLF4 had the best activity.
Although there is complete inhibition of the indomethacin-
induced hemolytic activity, approximately 30% of hemolysis
results from erythrocyte instability during the preparation
process for the hemolytic assay. Hence, we followed the anti-
hemolytic assay with an anti-proliferative assay and a reactive
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A Colon cell lines | CCD-841-CON CCD-18co HT29 FIGURE 3 | expression level in CCD-841-CON and HT29 cells (C) TNF-a; (D)
=1 T Tola S T = NF-«B; (E) IL-18; (F) IL-6; (G) COX2; (H) IL-8 (Annotation for figures C-H: 1,
Gene |£I|5|9|8|3|E(L (32|82 (|2 2le |2 TNFa-induced CCD-841-CON; 2, fIHLF-10 pM; 3, rtHLF4-10 pM; 4,
o e L L rteHLF1-10 uM; 5, rpHLF2-10 pM; 6, HT29 cells; 7, fIHLF-10 uM; 8, rtHLF4-
AIHLF-10 10 pM; 9, rteHLF1-10 pM; 10, rpHLF2-10 uM). Tests were conducted in
3| tHF0a triplicate.
= | fIHLF-0.005
< | nHLFa-10 [ 4 [ ] ||
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REEGED oxygen species (ROS) assay to investigate the protein toxicity and
g | MeHLF1-0.1 validate the inflammatory properties of these purified proteins.
: ne,:;f;ﬁﬁ,os We tested fIHLF and various lactoferrin fragments’
2 | rpHLF20.1 cytotoxicity on non-malignant human colonic fibroblast cells
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457 Up- and Dow- purified proteins do not inhibit the CCD-841-CON and CCD-
B reguiated 18co fibroblast cell lines (Table 1, Supplementary Figure S3, $4)
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stresg factor,_L_ anti-cancer properties. The ICs, values of fIHLF, rteHLF1, and
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T2 O \ The suppression of ROS generation by the purified proteins
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cells triggered by fIHLF, rtHLF4, rteHLF1, and rpHLF2 treatment. Gene is attributed to improved anti-cancer activity, resulting in cancer
(Continued) cell apoptosis (Kuete et al, 2015; Zugic et al, 2016). The
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lactoferrin triggers the buildup of ROS levels within the cancer
cell cytosol via the Caspase-8 activation, facilitating the cancer
cell apoptosis (Ahmed et al., 2021). This observation concurs with
the results of our study, where although the lactoferrin fragments
can trigger ROS suppression in cancer cells, the suppression levels
are two to three times lower than those found in the healthy
fibroblast cells.

Anti-Inflammatory Mechanism of
Engineered Recombinant Lactoferrin

In order to fully comprehend the regulatory genes governing the
anti-inflammatory properties of purified proteins, we studied the
transcriptomic levels of various biomarkers linked to the
production of ROS and key inflammation-related genes
(Figure 3A). We monitored TNF-a biomarker for its link to
ROS production. The inflammation-related biomarkers are
divided into the transcription factor NF-kB, pro-angiogenesis
markers [(Interleukin-6 (IL-6) and Interleukin-8 (IL-8)], and
cellular proliferation markers (IL-6 and COX2). We also
investigated Interleukin-1p (IL-1p) levels as it regulates NF-«xB
levels. We further validated the cellular protein expression levels
of these genes via Western blot (Supplementary Figures S6-S8).
Based on the data, we mapped out the role of purified proteins in
preventing inflammation (Figure 3B).

Both the colonic fibroblast cell lines treated with the purified
proteins showed downregulated levels of TNF-a and the other
inflammatory-related genes (Figures 3C-H, Supplementary
Figures S6-S8). Of the four different proteins, rtHLF4 showed
the best-conferred protection, while the other two proteins
showed minimal difference compared to fIHLF. Treatment of
rtHLF4 on both the fibroblast cells showed approximately 50%
lower protein levels of TNF-a (Figure 3C, Supplementary
Figures S6A, S7A) and IL-6 (Figure 3F, Supplementary
Figures S6D, S7D), 30% lower NF-«kB (Figure 3D,
Supplementary Figures S6B, S7B), and 10% lower IL-8
(Figure 3H, Supplementary Figures S6F, S7F) compared to
fIHLF treatment. Thus, generally, all lactoferrin variants could
suppress ROS production and inhibit inflammation, with rtHLF4
showing the highest efficacy and potency.

Colorectal cancer cell line HT29 treated with fIHLF and the
various fragments also showed downregulation of ROS production
and prevented inflammation via suppression of angiogenesis- and
cellular proliferation-related genes (Figure 3B). Compared with
fIHLF, rtHLF4 treatment showed 20% lower IL-6 and IL-8
expression (Supplementary Figure S8). rtHLF4 also showed 20%
lower NF-kB expression level (Figure 3D, Supplementary Figure
S8B), 30% lower IL-IP (Figure 3E, Supplementary Figure S8C), and
60% lower COX-2 (Figure 3G, Supplementary Figure S8E) when
compared against fIHLF, outperforming the rteHLF1 and rpHLF2.
Compared to the healthy fibroblast cells, the lesser suppression of
ROS production is essential to facilitate the anti-cancer activity of
rtHLF4, whereas the lowering of the IL-1B coupled to the GDF-15
upregulation significantly suppresses NF-«kB activity (Figure 3B).
This results in the inhibition of COX-2 production directly regulated
by both NF-kB inactivation and the lowered ROS levels.

Anti-Inflammatory and Anti-Oxidative Lactoferrin Fragments

Earlier findings showed that TNF-a induces ROS production via
caspase-8 activation, resulting in the mitochondrial outer membrane
permeabilization (MOMP) (Roberge et al, 2014). The MOMP
releases ROS and cytochrome C, activating caspase-9 (Kim and
Park, 2003). Both caspases-8 and -9 activate caspase-3 resulting in
cellular apoptosis (Elmore, 2007). The generated ROS species
triggers p50/p65 complex, inducing COX2 expression (Narayanan
et al, 2014) (Charalambous et al, 2009). COX-2 overexpression
during inflammatory responses often results in the production of
prostaglandins involved in colorectal cancer carcinogenesis
(Tsatsanis et al., 2006). Our results are consistent with this
observation, where lactoferrin suppresses TNF-a expression and
prevents cancer carcinogenesis (Kim et al., 2012; Fedorka, 2017).

NEF-kB activation is the key transcription factor controlling the
pro-inflammatory genes, increasing the risk of colitis-associated and
other forms of gastrointestinal cancer (Popivanova et al., 2008). NF-
kB also induces IL-6 through JNK (Lin et al., 2011), playing a role in
cancer cell proliferation, stimulating tumor growth and the
proliferation of premalignant enterocytes (Becker et al, 2005).
Suppression of NF-kB via IL-1B (an acute pro-inflammatory
cytokine) (Xue et al, 2015) or through GDF-15 ameliorates the
inflammation within the host. Our earlier study showed that
lactoferrin upregulates GDF15 expression, thereby inhibiting NF-
kB (Pan et al, 2021). NF-kB activation also results in COX-2
upregulation as observed in colonic adenoma and carcinoma
(Rehemtulla, 2013) (Charalambous et al., 2009) (Hai et al., 2016).
NEF-kB activation also upregulates IL-8, promoting angiogenesis via
JAK2 and STAT3 (Fu et al,, 2015; Di et al., 2020). Our results suggest
that all the lactoferrin variants, with rtHLF4 in particular, can
downregulate NF-kB, thus showing anti-inflammation properties
and inhibiting tumor growth.

CONCLUSION

In summary, the flIHLF and the lactoferrin variants (rtHLF4,
rteHLF1, and rpHLF2) show anti-inflammatory and anti-
oxidation activities by inhibiting TNF-a induced generation of
ROS in human non-malignant colonic fibroblasts cells. These
proteins also exhibited no cytotoxicity to the fibroblast cells.
However, in cancer cells, rteHLF1 and rpHLF2 do not influence
ROS production but inhibit the expression of pro-inflammatory
factors. Although these proteins were expressed recombinantly in an
E. coli host, lacking the post-translational modifications of the
protein, these lactoferrin fragments can exert its bioactivity,
indicating that the bioactivity is independent to its glycosylation
status. rtHLF4 showed the most promise, exhibiting higher
bioactivity compared to the fIHLF, providing a viable alternative
for IBD treatment and prevention in the future.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding authors.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2021 | Volume 9 | Article 779018


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Pan et al.

ETHICS STATEMENT

All experiments were conducted with the approval of the
Institutional Review Board at the Southern University of
Science and Technology, under the title of “Evaluation of the
safety of therapeutic peptides by hemolysis” with approval
number 2020SYG096. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

CLH, NC, and YP designed the study. YP, ZL, YW, and LZ
performed the experiments. CLH, JC, LD, YP, and ZL analyzed
the data. CLH, YP, ZL, NC, and LD wrote the manuscript. CLH
and JC supervised the project. All authors discussed the results
and commented on the manuscript.

FUNDING

This work was supported by the Shenzhen Special Fund for
Innovation and Entrepreneurship of Overseas High-level

REFERENCES

Ahmed, K., Saikat, A., Moni, A., Kakon, S., Islam, M., and Uddin, M. (2021).
Lactoferrin:  Potential Functions, Pharmacological Insights, and
Therapeutic Promises. J. Adv. Biotechnol. Exp. Ther. 4 (2), 223.
doi:10.5455/jabet.2021.d123

Alatab, S., Sepanlou, S. G., Ikuta, K., Vahedi, H., Bisignano, C., Safiri, S., et al.
(2020). The Global, Regional, and National burden of Inflammatory Bowel
Disease in 195 Countries and Territories, 1990-2017: a Systematic Analysis for
the Global Burden of Disease Study 2017. Lancet Gastroenterol. Hepatol. 5 (1),
17-30. doi:10.1016/S2468-1253(19)30333-4

Barral, M., Dohan, A., Allez, M., Boudiaf, M., Camus, M., Laurent, V., et al. (2016).
Gastrointestinal Cancers in Inflammatory Bowel Disease: An Update with
Emphasis on Imaging Findings. Crit. Rev. Oncology/Hematology 97, 30-46.
doi:10.1016/j.critrevonc.2015.08.005

Becker, C., Fantini, M. C., Wirtz, S., Nikolaev, A., Lehr, H. A,, Galle, P. R, et al.
(2005). IL-6 Signaling Promotes Tumor Growth in Colorectal Cancer. Cell
Cycle 4 (2), 217-220. doi:10.4161/cc.4.2.1413

Biancone, L., Onali, S., Petruzziello, C., Calabrese, E., and Pallone, F. (2015). Cancer
and Immunomodulators in Inflammatory Bowel Diseases. Inflamm. Bowel Dis.
21 (3), 674-698. doi:10.1097/MIB.0000000000000243

Charalambous, M. P., Lightfoot, T., Speirs, V., Horgan, K., and Gooderham, N. J.
(2009). Expression of COX-2, NF-Kb-P65, NF-Kb-P50 and IKKa in Malignant
and Adjacent normal Human Colorectal Tissue. Br. J. Cancer 101 (1), 106-115.
doi:10.1038/s}.bjc.6605120

Conneely, O. M. (2001). Antiinflammatory Activities of Lactoferrin. J. Am.
Coll.  Nutr. 20 (5 Suppl. 1), 389S-395S.  doi:10.1080/
07315724.2001.10719173

Debnath, P. C, Das, A., Islam, A, Islam, M. A., Hassan, M. M., and GiasUddin, S.
M. (2013). Membrane Stabilization - A Possible Mechanism of Action for the
Anti-inflammatory Activity of a Bangladeshi Medicinal Plant: Erioglossum
Rubiginosum (Bara Harina). Pharmacognosy J. 5 (3), 104-107. doi:10.1016/
j.phcgj.2013.04.001

Di, Y., He, J., Ma, P., Shen, N,, Niu, C,, Liu, X,, et al. (2020). Liraglutide Promotes
the Angiogenic Ability of Human Umbilical Vein Endothelial Cells through the
JAK2/STATS3 Signaling Pathway. Biochem. Biophysical Res. Commun. 523 (3),
666-671. doi:10.1016/j.bbrc.2020.01.004

Anti-Inflammatory and Anti-Oxidative Lactoferrin Fragments

Talents Peacock Team (KQTD20170810111314625),
Shenzhen Institutes of Advanced Technology External
Funds (DWKF20190001), National Natural Science
Foundation of China’s Research Fund for International
Young  Scientists  (22050410270), and Guangdong
Innovative and Entrepreneurial Research Team Program
(2019ZT08Y191).

ACKNOWLEDGMENTS

The authors wish to thank Xinyi Chen for their comments on the
manuscript. The authors recognize Zixian Song, Yuya Yuan, and
Yanwei Cai for their help in the experiment.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2021.779018/
full#supplementary-material

Drago-Serrano, M. E., Campos-Rodriguez, R., Carrero, J. C., and de la
Garza, M. (2017). Lactoferrin: Balancing Ups and Downs of
Inflammation Due to Microbial Infections. Int. J. Mol. Sci. 18 (3).
do0i:10.3390/ijms18030501

Elmore, S. (2007). Apoptosis: a Review of Programmed Cell Death. Toxicol. Pathol.
35 (4), 495-516. doi:10.1080/01926230701320337

Fedorka, C. E. (2017). An Investigation into Specific Seminal Plasma Proteins and
Their Effect on the Innate Immune Response to Breeding in the Mare. Theses
Dissertations—Veterinary Sci. 29, 103-124. doi:10.13023/ETD.2017.228

Fedorka, C. E., Scoggin, K. E., Boakari, Y. L., Hoppe, N. E,, Squires, E. L., Ball, B. A,,
et al. (2018). The Anti-inflammatory Effect of Exogenous Lactoferrin on
Breeding-Induced Endometritis when Administered post-breeding in
Susceptible ~ Mares.  Theriogenology ~ 114,  63-69.  doi:10.1016/
j-theriogenology.2018.03.017

Fu, X.-T., Dai, Z,, Song, K., Zhang, Z.-]., Zhou, Z.-]., Zhou, S.-L,, et al. (2015).
Macrophage-secreted IL-8 Induces Epithelial-Mesenchymal Transition in
Hepatocellular Carcinoma Cells by Activating the JAK2/STAT3/Snail
Pathway. Int. J. Oncol. 46 (2), 587-596. doi:10.3892/ij0.2014.2761

Gifford, J. L., Hunter, H. N., and Vogel, H. J. (2005). Lactoferricin: a Lactoferrin-
Derived Peptide with Antimicrobial, Antiviral, Antitumor and Immunological
Properties. Cell. Mol. Life Sci. 62 (22), 2588-2598. doi:10.1007/s00018-005-
5373-z

Gisbert, J. P., Gonzélez-Lama, Y., and Maté, J. (2007). 5-Aminosalicylates and
Renal Function in Inflammatory Bowel Disease. Inflamm. Bowel Dis. 13 (5),
629-638. doi:10.1002/ibd.20099

Haiping, P., Feng bo, T., Li, L., Nanhui, Y., and Hong, Z. (2016). IL-1B/NF-kb
Signaling Promotes Colorectal Cancer Cell Growth through miR-181a/PTEN
axis. Arch. Biochem. Biophys. 604, 20-26. doi:10.1016/j.abb.2016.06.001

Ibuki, M., Shoda, C., Miwa, Y., Ishida, A., Tsubota, K., and Kurihara, T. (2020).
Lactoferrin Has a Therapeutic Effect via HIF Inhibition in a Murine Model of
Choroidal Neovascularization. Front. Pharmacol. 11 (174). doi:10.3389/
fphar.2020.00174

Jahani, S., Shakiba, A., and Jahani, L. (2015). The Antimicrobial Effect of
Lactoferrin on Gram-Negative and Gram-Positive Bacteria. Int. J. Infect. 2
(3), €27954. doi:10.17795/iji27594

Joseph, J., Bindhu, A., and Aleykutty, N. (2013). In Vitro and In Vivo
Antiinflammatory Activity of Clerodendrum Paniculatum Linn. Leaves.
Indian J. Pharm. Sci. 75 (3), 376-379. doi:10.4103/0250-474x.117428

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2021 | Volume 9 | Article 779018


https://www.frontiersin.org/articles/10.3389/fbioe.2021.779018/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2021.779018/full#supplementary-material
https://doi.org/10.5455/jabet.2021.d123
https://doi.org/10.1016/S2468-1253(19)30333-4
https://doi.org/10.1016/j.critrevonc.2015.08.005
https://doi.org/10.4161/cc.4.2.1413
https://doi.org/10.1097/MIB.0000000000000243
https://doi.org/10.1038/sj.bjc.6605120
https://doi.org/10.1080/07315724.2001.10719173
https://doi.org/10.1080/07315724.2001.10719173
https://doi.org/10.1016/j.phcgj.2013.04.001
https://doi.org/10.1016/j.phcgj.2013.04.001
https://doi.org/10.1016/j.bbrc.2020.01.004
https://doi.org/10.3390/ijms18030501
https://doi.org/10.1080/01926230701320337
https://doi.org/10.13023/ETD.2017.228
https://doi.org/10.1016/j.theriogenology.2018.03.017
https://doi.org/10.1016/j.theriogenology.2018.03.017
https://doi.org/10.3892/ijo.2014.2761
https://doi.org/10.1007/s00018-005-5373-z
https://doi.org/10.1007/s00018-005-5373-z
https://doi.org/10.1002/ibd.20099
https://doi.org/10.1016/j.abb.2016.06.001
https://doi.org/10.3389/fphar.2020.00174
https://doi.org/10.3389/fphar.2020.00174
https://doi.org/10.17795/iji27594
https://doi.org/10.4103/0250-474x.117428
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Pan et al.

Kim, C. W, Lee, T. H.,, Park, K. H., Choi, S.-Y., and Kim, J. (2012). Human
Lactoferrin Suppresses TNF-a-Induced Intercellular Adhesion Molecule-1
Expression via Competition with NF-Kb in Endothelial Cells. FEBS Lett.
586 (3), 229-234. doi:10.1016/j.febslet.2011.12.011

Kim, J. Y., and Park, J. H. (2003). ROS-dependent Caspase-9 Activation in Hypoxic
Cell Death. FEBS Lett. 549 (1), 94-98. doi:10.1016/50014-5793(03)00795-6

Kruzel, M. L., Zimecki, M., and Actor, J. K. (2017). Lactoferrin in a Context of
Inflammation-Induced Pathology. Front. Immunol. 8, 1438. doi:10.3389/
fimmu.2017.01438

Kuete, V., Sandjo, L. P., Mbaveng, A. T., Zeino, M., and Efferth, T. (2015).
Cytotoxicity of Compounds from Xylopia Aethiopica towards Multi-
Factorial Drug-Resistant Cancer Cells. Phytomedicine 22 (14), 1247-1254.
doi:10.1016/j.phymed.2015.10.008

Lambert, L. A., Perri, H., Halbrooks, P. J., and Mason, A. B. (2005). Evolution of the
Transferrin Family: Conservation of Residues Associated with Iron and Anion
Binding. Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 142 (2), 129-141.
doi:10.1016/j.cbpb.2005.07.007

Lin, H.-Y,, Tang, C.-H., Chen, J.-H., Chuang, J.-Y., Huang, S.-M., Tan, T.-W., et al.
(2011). Peptidoglycan Induces Interleukin-6 Expression through the TLR2
Receptor, JNK, C-Jun, and AP-1 Pathways in Microglia. J. Cel. Physiol. 226 (6),
1573-1582. doi:10.1002/jcp.22489

Maggiori, L., and Panis, Y. (2013). Surgical Management of IBD-From an Open to
a Laparoscopic Approach. Nat. Rev. Gastroenterol. Hepatol. 10 (5), 297-306.
doi:10.1038/nrgastro.2013.30

Narayanan, A., Amaya, M., Voss, K., Chung, M., Benedict, A., Sampey, G., et al.
(2014). Reactive Oxygen Species Activate NFkB (P65) and P53 and Induce
Apoptosis in RVFV Infected Liver Cells. Virology 449, 270-286. doi:10.1016/
j.virol.2013.11.023

Nguyen, D. N, Jiang, P, Stensballe, A., Bendixen, E., Sangild, P. T., and Chatterton,
D. E. W. (2016). Bovine Lactoferrin Regulates Cell Survival, Apoptosis and
Inflammation in Intestinal Epithelial Cells and Preterm Pig Intestine.
J. Proteomics 139, 95-102. doi:10.1016/j.jprot.2016.03.020

Pan, Y., Chua, N,, Lim, K., and Ho, C. L. (2021). Engineering of Human Lactoferrin
for Improved Anticancer Activity. ACS Pharmacol. Transl. Sci. 4, 1476-1482.
doi:10.1021/acsptsci.1c00134

Popivanova, B. K., Kitamura, K., Wu, Y., Kondo, T., Kagaya, T., Kaneko, S., et al.
(2008). Blocking TNF-a in Mice Reduces Colorectal Carcinogenesis Associated
with Chronic Colitis. J. Clin. Invest. 118 (2), 560-570. doi:10.1172/jci32453

Rehemtulla, A. (2013). Cancer Subclonal Genetic Architecture as a Key to
Personalized Medicine. Neoplasia 15 (12), 1410-1420. doi:10.1593/neo.131972

Roberge, S., Roussel, J., Andersson, D. C., Meli, A. C., Vidal, B., Blandel, F., et al.
(2014). TNF- -mediated Caspase-8 Activation Induces ROS Production and
TRPM2 Activation in Adult Ventricular Myocytes. Cardiovasc. Res. 103 (1),
90-99. doi:10.1093/cvr/cvull2

Rodrigues, L., Teixeira, J., Schmitt, F., Paulsson, M., and Mansson, H. L. (2008).
Lactoferrin and Cancer Disease Prevention. Crit. Rev. Food Sci. Nutr. 49 (3),
203-217. doi:10.1080/10408390701856157

Rosa, L., Cutone, A., Lepanto, M., Paesano, R., and Valenti, P. (2017). Lactoferrin:
A Natural Glycoprotein Involved in Iron and Inflammatory Homeostasis. Ijms
18 (9), 1985. doi:10.3390/ijms18091985

Samuelsen, A. r., Haukland, H. H., Ulvatne, H., and Vorland, L. H. (2004).
Anti-complement Effects of Lactoferrin-Derived Peptides. FEMS
Immunol.  Med. Microbiol. 41 (2), 141-148. doi:10.1016/
j.femsim.2004.02.006

Anti-Inflammatory and Anti-Oxidative Lactoferrin Fragments

Scaldaferri, F., Gerardi, V., Lopetuso, L. R., Del Zompo, F., Mangiola, F., Boskoski,
1, et al. (2013). Gut Microbial Flora, Prebiotics, and Probiotics in IBD: Their
Current Usage and Utility. Biomed. Res. Int. 2013, 1-9. doi:10.1155/2013/
435268

Thome, J., Gsell, W., Résler, M., Kornhuber, J., Frélich, L., Hashimoto, E., et al.
(1997). Oxidative-stress Associated Parameters (Lactoferrin, Superoxide
Dismutases) in Serum of Patients with Alzheimer’s Disease. Life Sci. 60 (1),
13-19. doi:10.1016/s0024-3205(96)00583-8

Tsatsanis, C., Androulidaki, A., Venihaki, M., and Margioris, A. N. (2006).
Signalling Networks Regulating Cyclooxygenase-2. Int. J. Biochem. Cel Biol.
38 (10), 1654-1661. doi:10.1016/j.biocel.2006.03.021

Venancio, V. P., Cipriano, P. A,, Kim, H., Antunes, L. M. G,, Talcott, S. T., and
Mertens-Talcott, S. U. (2017). Cocoplum (Chrysobalanus Icaco L.)
Anthocyanins Exert Anti-inflammatory Activity in Human colon Cancer
and Non-malignant colon Cells. Food Funct. 8 (1), 307-314. doi:10.1039/
C6FO01498D

Waljee, A. K., Wiitala, W. L., Govani, S., Stidham, R., Saini, S., Hou, J., et al.
(2016). Corticosteroid Use and Complications in a US Inflammatory Bowel
Disease ~ Cohort. ~PLoS ONE 11, e0158017.  doi:10.1371/
journal.pone.0158017

Wei, P.-F.,, Ho, K.-Y., Ho, Y.-P., Wu, Y.-M,, Yang, Y.-H,, and Tsai, C.-C. (2004).
The Investigation of Glutathione Peroxidase, Lactoferrin, Myeloperoxidase and
Interleukin-1beta in Gingival Crevicular Fluid: Implications for Oxidative
Stress in Human Periodontal Diseases. J. Periodontal Res. 39 (5), 287-293.
doi:10.1111/§.1600-0765.2004.00744.x

Xue, H., Tu, Y., Ma, T., Liu, X., Wen, T., Cai, M., et al. (2015). Lactoferrin
Inhibits IL-1B-Induced Chondrocyte Apoptosis through AKTI-Induced
CREBI1 Activation. Cell Physiol Biochem 36 (6), 2456-2465. doi:10.1159/
000430206

Zhai, H., Liu, A., Huang, W., Liu, X, Feng, S., Wu, ], et al. (2016). Increasing Rate
of Inflammatory Bowel Disease: a 12-year Retrospective Study in NingXia,
China. BMC Gastroenterol. 16 (1), 2. doi:10.1186/s12876-015-0405-0

Zugic, A., Jeremic, I, Isakovic, A., Arsic, L, Savic, S., and Tadic, V. (2016).
Evaluation of Anticancer and Antioxidant Activity of a Commercially
Available CO2 Supercritical Extract of Old Man’s Beard (Usnea Barbata).
PloS one 11 (1), e0146342. doi:10.1371/journal.pone.0146342

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Pan, Liu, Wang, Zhang, Chua, Dai, Chen and Ho. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2021 | Volume 9 | Article 779018


https://doi.org/10.1016/j.febslet.2011.12.011
https://doi.org/10.1016/S0014-5793(03)00795-6
https://doi.org/10.3389/fimmu.2017.01438
https://doi.org/10.3389/fimmu.2017.01438
https://doi.org/10.1016/j.phymed.2015.10.008
https://doi.org/10.1016/j.cbpb.2005.07.007
https://doi.org/10.1002/jcp.22489
https://doi.org/10.1038/nrgastro.2013.30
https://doi.org/10.1016/j.virol.2013.11.023
https://doi.org/10.1016/j.virol.2013.11.023
https://doi.org/10.1016/j.jprot.2016.03.020
https://doi.org/10.1021/acsptsci.1c00134
https://doi.org/10.1172/jci32453
https://doi.org/10.1593/neo.131972
https://doi.org/10.1093/cvr/cvu112
https://doi.org/10.1080/10408390701856157
https://doi.org/10.3390/ijms18091985
https://doi.org/10.1016/j.femsim.2004.02.006
https://doi.org/10.1016/j.femsim.2004.02.006
https://doi.org/10.1155/2013/435268
https://doi.org/10.1155/2013/435268
https://doi.org/10.1016/s0024-3205(96)00583-8
https://doi.org/10.1016/j.biocel.2006.03.021
https://doi.org/10.1039/C6FO01498D
https://doi.org/10.1039/C6FO01498D
https://doi.org/10.1371/journal.pone.0158017
https://doi.org/10.1371/journal.pone.0158017
https://doi.org/10.1111/j.1600-0765.2004.00744.x
https://doi.org/10.1159/000430206
https://doi.org/10.1159/000430206
https://doi.org/10.1186/s12876-015-0405-0
https://doi.org/10.1371/journal.pone.0146342
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Evaluation of the Anti-Inflammatory and Anti-Oxidative Effects of Therapeutic Human Lactoferrin Fragments
	Introduction
	Materials and Methods
	Materials
	Gene Cloning
	Protein Purification
	Hemolytic Assay
	Cell Culture
	Cell Viability Assay
	Reactive Oxygen Species Generation Assay
	Real-Time Reverse Transcription-Polymerase Chain Reaction
	Western Blot
	Statistical Analysis

	Results and Discussion
	Expression and Characterization of Recombinant Engineered Lactoferrin Fragments
	Anti-Inflammatory Mechanism of Engineered Recombinant Lactoferrin

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


