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Abstract: Patients with acute kidney injury (AKI) who survive the acute stage are at notable risk for
chronic kidney disease (CKD) progression. There is no single therapy that can effectively prevent the
AKI to CKD transition. Autophagy is a cytoplasmic component degradation pathway and has complex
functions in several diseases, such as renal fibrosis. Previous research has shown that lactoferrin has
important functions in antioxidant defense and other defense systems, protecting kidneys against
various injuries. The present study investigated the effect of lactoferrin in protecting against the AKI
to CKD transition. We identified 62 consensus genes with two-fold changes in clinical kidney tissues
from AKI and CKD patients. Among the 62 overlay genes, the mRNA levels of LTF were significantly
upregulated in the kidney tissues of AKI and CKD patients. Lactoferrin induced autophagy via the
activation of the AMPK and inhibition of Akt/mTOR pathway in human kidney proximal tubular
cells. Lactoferrin suppressed oxidative stress-induced cell death and apoptosis by augmenting
autophagy. Lactoferrin has an antifibrotic role in human kidney tubular cells. In a mouse model of
folic acid-induced AKI to CKD transition, treatment with lactoferrin recovered renal function and
further suppressed renal fibrosis through the inhibition of apoptosis and the induction of autophagy.
These findings identify lactoferrin as a potential therapeutic target for the prevention of the AKI to
CKD transition.
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1. Introduction

Acute kidney injury (AKI) is a critical illness that is related to increased morbidity and mortality [1].
Patients with partial AKI develop progressive and persistently aggravated proteinuria and decreased
glomerular filtration rate (GFR) [2]. Previous studies have demonstrated that the recovery of
renal function in patients with AKI is often incomplete. Furthermore, AKI is a critical risk factor
for the development of chronic kidney disease (CKD) and end-stage renal disease (ESRD) [3,4].
AKI increases the risk of CKD by 8.8-fold and the risk for ESRD or kidney transplantation by 3.3-fold [3].
At present, research on the related mechanisms of AKI progression to CKD has mainly focused
on persistent inflammatory response, mitochondrial dysfunction, microvascular endothelial cell
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injury and the abnormal activation of renal tubular epithelial cells. Moreover, AKI can often cause
fibrous tissue hyperplasia, the release of fibrogenic factors and renal fibrosis [5,6]. Inflammation and
oxidative stress are closely linked, as they generate a bad cycle. Oxidative stress starts inflammation.
Inflammation, in turn, induces oxidative stress through the production of reactive oxygen species
(ROS). These damaging events cause tissue injury by inducing necrosis, apoptosis and fibrosis [7].
Therefore, novel drugs or mechanisms that antifibrotic functions and accelerate fibrogenesis in treating
the AKI to CKD transition must be developed.

Many recent studies have shown that autophagy plays an important role in several diseases,
including kidney disease [8–11]. Autophagy is an intracellular degradation process that removes
and recycles proteins and damaged organelles to maintain cellular homeostasis [9]. A previous
study demonstrated that ATG5-mediated autophagy in tubules hampered the activation of NF-κB
signaling to protect against renal inflammation [12]. Furthermore, autophagy attenuated G2/M cell
cycle arrest in proximal tubular epithelial cells and renal fibrosis [13]. Our recent study indicated that
resveratrol-loaded nanoparticles can be as a strategy to prevent CKD through the autophagy induction
and NLRP3 inflammasome attenuation [14]. Another recent study concluded that overexpression of
the SIRT6 gene inhibited apoptosis and induced autophagy, which might be involved in repairing
kidney damage in AKI caused by sepsis [15]. However, whether autophagy plays a key role in the
process of the AKI to CKD transition is still unknown.

Lactoferrin is a natural iron-binding glycoprotein originally isolated from milk. Lactoferrin is
found notably in milk, mucosal secretions and other bodily fluids [16]. Previous research has shown that
lactoferrin has multipharmacological properties, including antiviral, antibacterial, anti-inflammatory,
and antioxidant properties [17–20]. In a screening for lactoferrin expression in various organs,
kidneys were found to have high levels of lactoferrin mRNA and protein. This indicated that lactoferrin
may have important functions in the antioxidant defense and other defense systems protecting kidneys
against any other stresses [21]. In the current study, we found that the mRNA level of lactoferrin was
elevated in the renal tissue of AKI and CKD patients compared to healthy individuals. The protective
effect of lactoferrin has been assessed in a folic acid-induced AKI to CKD mouse model. We also
investigated the roles of autophagy, apoptosis and fibrosis in lactoferrin-treated human kidney cells.

2. Material and Methods

2.1. Microarray Analysis

The microarray datasets (GSE66494 and GSE30718) were downloaded from the Gene Expression
Omnibus (GEO) database. The raw data were normalized with GeneSpring software. The differential
transcriptional activity of AKI patients and CKD patients was compared with healthy individuals.
The results are shown as a boxplot and was produced using SPSS software.

2.2. Cell Culture and Lactoferrin Treatment

The human kidney proximal tubular epithelial cell line HK-2 was purchased from American type
culture collection (CRL2190). HK-2 cells were cultured in keratinocyte serum-free (KCSF) medium
with 40 µg/mL bovine pituitary extract and 5 ng/mL recombinant epidermal growth factor (Gibco BRL,
Grand Island, NY, USA) at 5% CO2 and at 37 ◦C. For exposure to lactoferrin (Wako Pure Chemical
Industries, Ltd., Osaka, Japan), 40 mg/mL fresh stock solutions were prepared. The solution was added
to the culture medium and mixed.

2.3. Cell Viability Assay

We used sulforhodamine B (SRB) assay to detect cell viability. Briefly, the cells were fixed with
a trichloroacetic acid solution for 1 h and then SRB (Sigma-Aldrich Corp. St Louis, MO, USA) was
added for 1 h. After washing, 20 mM of Tris buffer was added. Finally, the absorbance at 562 nm was
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read by ELISA reader (Molecular Devices, Sunnyvale, CA, USA). The reference value for calculating
100% cell viability is the mean absorbance of the untreated cells.

2.4. Western Blot Analysis

Total protein was prepared from cell lysates using protein extraction buffer. The proteins at
30 µg/lane or TD-PM10315 TOOLS Pre-Stained Protein Marker (10–315 kDa) (BIOTOOLS, New Taipei
City, Taiwan) were loaded on a SDS gel, subjected to electrophoresis, blotted, probed using antibodies
and detected by a chemiluminescence (ECL) detection system (Thermo Fisher Scientific, Waltham,
MA, USA). Anti-Akt, anti-p-Akt, anti-Beclin 1, anti-mTOR, anti-p-mTOR, anti-AMPK, anti-p-AMPK,
anti-GAPDH, anti-caspase 3, anti-caspase 9, anti-LC3 and anti-PAI-1 antibodies were purchased from
Cell Signaling Technology (Ipswich, MA, USA); anti-lactoferrin antibody was purchased from Biovision
Inc. (Mountain View, CA, USA); and anti-Bax, anti-collagen and anti-CTGF antibodies were purchased
from Proteintech Group (Chicago, IL, USA).

2.5. Immunofluorescence Microscopy

HK-2 cells were cultured on coverslips. After incubation, the cells were fixed in paraformaldehyde
(4%) and blocked with BSA (1%) for 30 min. Then, the cells were incubated with an anti-LC3 antibody
(MBL, Japan) for 1 h. The cells were washed in PBS and added with DyLight™ 488-conjugated
AffiniPure goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, PA, USA) for 1 h and stained
with 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA, USA). Then, the cells were
washed in PBS and analyzed with a confocal microscope (Leica TCS SP5, Mannheim, Germany).

2.6. Transfection of siRNA and LTF DNA

The LTF plasmid was constructed by ligating LTF cDNA sequence from pCMV6-XL5-LTF (OriGene
Technologies Inc., Rockville, MD, USA). Then, 2 µg LTF DNA was transfected into HK-2 cells in
6-well plate by Lipofectamine® 2000 Reagent (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instruction. The transfection of siRNA was utilized by TransIT-X2® Dynamic Delivery
System (Mirus, Madison, WI, USA) according to the manufacturer’s instruction. Beclin 1 siRNA
(ID: s16539) was purchased from ThermoFisher Scientific (Waltham, MA, USA). Briefly, Opti-MEM I
reduced-serum medium, siRNA solution and TransIT-X2 were mixed gently. The mixed solution was
incubated at room temperature for 30 min to form complexes. Then, the complexes were added to cells
for 24–72 h.

2.7. Folic Acid Mouse Model

Male C57BL/6 mice (eight weeks old) were purchased from the National Laboratory Animal Center
(Taipei, Taiwan). The animals were housed five per cage with 50% ± 10% relative humidity at 24 ± 2 ◦C.
The animals were acclimatized for 1 week prior to the start of experiments and fed a Purina chow diet
with water ad libitum. The animal protocol was reviewed and approved by the Institutional Animal
Care and Use Committee of Taipei Medical University, Taiwan (approval number: LAC-2018-0362).
All animal experiments took place at Laboratory Animal Center of Taipei Medical University. The mice
were divided into the following four groups (five mice/group): (1) equivalent volumes of saline
administered intraperitoneally (i.p.) two times per week for 5 weeks starting at day 2 (normal group);
(2) mice i.p. injected with 250 mg/kg folic acid one time at day 0 (Sigma-Aldrich) (FA group);
(3) mice i.p. injected with 250 mg/kg folic acid one time at day 0 and i.p. injected with low-concentration
(2 mg/mouse) lactoferrin two times per week for 5 weeks at starting day 2 (FA + LFL group); and (4)
mice i.p. injected with 250 mg/kg folic acid one time at day 0 and i.p. injected with high-concentration
(4 mg/mouse) lactoferrin two times per week for 5 weeks, starting at day 2 (FA + LFH group). The mice
were sacrificed by CO2 exposure, and the kidney tissues were fixed by formalin and paraffin embedded
for histopathological and immunohistochemistry (IHC) staining.
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2.8. Biochemical Measurements

Whole blood samples of mice were collected by intracardiac puncture. The blood samples were
centrifuged at 2000× g for 20 min and were separated from the serum. Biochemistry tests included
creatinine and blood urea nitrogen (BUN) levels.

2.9. Histopathological and Immunohistochemical Analysis

The kidneys were fixed in 10% formalin, dehydrated, and embedded in paraffin.
Paraffin-embedded kidney tissue sections were dried and rehydrated. The slides were incubated in
3% hydrogen peroxide for 20 min and then were placed in a microwave oven for 15 min in citrate
buffer. Tissue sections were stained with hematoxylin and eosin (H+E) for histopathological analysis.
For IHC staining, the slides were incubated for 2 h at room temperature with anti-cleaved-caspase
3 (Cell Signaling Technology, Ipswich, MA, USA), anti-α-SMA (Abcam, Cambridge, MA, USA) or
anti-LC3 (MBL, Nagoya, Japan) antibodies. The slides were added with a secondary antibody for 1 h
and were displayed using a STARR TREK Universal HRP detection kit (Biocare Medical, Concord, CA,
USA). Finally, the slides were stained using hematoxylin.

2.10. Masson Staining

Masson trichrome staining was performed according to the protocol (ScyTek Lab., Logan, UT, USA).

2.11. Statistical Analysis

The results are presented as the mean ± standard deviation (SD) between groups using a one-way
analysis of variance (ANOVA) followed by a post-hoc Bonferroni test or two-sample t-test. In all
statistical tests, differences were considered significant at p < 0.05.

3. Results

3.1. High Levels of LTF Expression in the Kidney Tissues of AKI and CKD Patients

We first analyzed the transcriptional profiles using the microarray dataset. We identified
62 overlay genes with two-fold changes (FC) in clinical kidney tissues from AKI and CKD patients
(Figure 1A and Table S1). Among the 62 overlay genes, the mRNA levels of LTF were notably
upregulated in the kidney tissues of AKI and CKD patients (Figure 1B). All genes with 1.5 FC in kidney
tissues from AKI and CKD patients are shown in Figure 1C. The results indicated that LTF mRNA
levels were significantly increased in the renal tissues of both AKI and CKD patients (Figure 1D).

3.2. Lactoferrin Induces Autophagy through the Activation of AMPK and Inhibition of Akt/mTOR Pathway

To determine whether lactoferrin affects cell viability in HK-2 cells (a human kidney proximal
tubular epithelial cell line), the cells were treated with lactoferrin at the indicated concentrations to
analyze cell viability (Figure 2A). The results showed that lactoferrin did not cause obvious changes
in cell viability. The high concentrations (200 µg/mL and 400 µg/mL) of lactoferrin slightly increased
the viability of HK-2 cells. Furthermore, we examined whether lactoferrin induced autophagy by
measuring autophagy-associated proteins using western blot analysis (Figure 2B). The levels of beclin
1 and LC3-II were markedly increased in cells treated with lactoferrin. In addition, we determined the
percentage of cells with punctate LC3 staining by fluorescence microscopy (Figure 2C,D). The results
found that treatment with lactoferrin caused a concentration-dependent increase in LC3 dots in HK-2
cells. A previous study reported that autophagy induction can be regulated by the activation of
AMPK and inhibition of Akt/mTOR pathway [22]. As shown in Figure 2E, lactoferrin increased
AMPK phosphorylation and inhibited Akt and mTOR phosphorylation. The overexpression of LTF
could predominantly increase lactoferrin expression (Figure 2F). Furthermore, forced expression of the
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exogenous LTF gene elevated beclin 1 and LC3-II expression. These findings indicate that lactoferrin
induces autophagy through the activation of AMPK and inhibition of Akt/mTOR pathway.Pharmaceutics 2020, 12, x FOR PEER REVIEW 5 of 16 
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Figure 1. Upregulation of LTF in the kidney tissues of acute kidney injury (AKI) and chronic kidney
disease (CKD) patients. (A) Expression microarray analysis determined 62 overlay genes at a threshold
of two-fold change (FC) in the kidney tissues of AKI and CKD patients. (B) The dotplot for the mRNA
levels (log2) of the 62 consensus genes were shown. (C) The mRNA levels in the kidney tissues of AKI
(GSE30718) and CKD (GSE66494) patients at a threshold of 1.5-FC. (D) The mRNA levels of LTF were
upregulated in the kidney tissues of AKI and CKD patients.

3.3. Lactoferrin Suppresses Oxidative Stress-Induced Cell Death and Apoptosis by Augmenting Autophagy in
HK-2 Cells

Hydrogen peroxide (H2O2) is an oxidant of inflammation that contributes to the pathogenesis
of chronic diseases [23]. To address whether lactoferrin attenuates oxidative stress-induced damage,
we analyzed the effect of lactoferrin on H2O2-induced damage by analyzing cell viability (Figure 3A).
The results showed that lactoferrin substantially inhibited H2O2-induced cell death in HK-2
cells. Moreover, H2O2 increased apoptosis-related protein expression, including cleaved caspase-9,
cleaved caspase-3, and bax (Figure 3B). Pretreatment with lactoferrin suppressed H2O2-induced
apoptosis in HK-2 cells. To further validate the role of lactoferrin-promoted autophagy in H2O2-induced
cell death, a beclin 1-targeting siRNA was designed and transfected into HK-2 cells. As shown in
Figure 3C, beclin 1 siRNA-transfected cells displayed significantly decreased viability compared to
that of cells transfected with control siRNA. These results suggest that lactoferrin inhibits oxidative
stress-induced cell death and apoptosis, by augmenting autophagy.
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Figure 2. Lactoferrin induces autophagy in HK-2 cells. (A) Cell viability of lactoferrin-treated cells.
Cells were treated with various concentrations of lactoferrin for 24 h. * p < 0.05 compared with
control. (B) The protein levels of LC3 and beclin 1 in HK-2 cells treated with lactoferrin for 24 h.
(C) Confocal immunofluorescence microscopy imaging of LC3 following 24 h treatment with lactoferrin.
(D) Quantification of punctate LC3 staining. Cells were treated with various concentrations of lactoferrin
for 24 h. * p < 0.05 compared with control. (E) Protein levels of Akt/mTOR and AMPK pathways. Cells
were treated with various concentrations of lactoferrin for 24 h. (F) Western blotting for lactoferrin,
LC3 and beclin 1 proteins derived from HK-2 cells without (vector control) or with LTF overexpression
for 24 h.
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Figure 3. Lactoferrin reduces H2O2-induced apoptosis through the induction of autophagy in HK-2
cells. (A) Effect of lactoferrin on cell viability of HK-2 cells exposed to H2O2. Cells were pretreated
with lactoferrin for 6 h and then treated with 500 µM H2O2 for 18 h. * p < 0.05 compared with H2O2

alone. (B) Western blot analysis of apoptosis-associated protein expression in HK-2 cells. Cells were
pretreated with lactoferrin for 6 h and then treated with 500 µM H2O2 for 18 h. (C) Cell viability is
shown in the absence or presence of Beclin 1 siRNA. Cells were transfected with Beclin 1 siRNA for
24 h. Then, cells were pretreated with lactoferrin for 6 h and incubated with 500 µM H2O2 for 18 h.
* p < 0.05 control siRNA + lactoferrin + H2O2 compared with control siRNA + H2O2. # p < 0.05 control
siRNA+ lactoferrin + H2O2 compared with Beclin 1 siRNA + lactoferrin + H2O2.

3.4. Lactoferrin Has an Antifibrotic Role in Human Kidney Proximal Tubular Cells

The excessive matrix proteins, accumulation of fibroblasts and loss of functioning nephrons are
main pathological characteristic of progressive CKD and cause renal fibrosis [24]. Transforming growth
factor-β1 (TGF-β1) is a significant mediator in renal fibrosis [24,25]. The connective tissue growth
factor (CTGF) and plasminogen activator inhibitor-1 (PAI-1) are known to be potent inducers of tissue
fibrosis [26,27]. We found that TGF-β1 increased the expression of CTGF, PAI-1 and collagen 1 in
a concentration-dependent manner (Figure 4A). Next, we stimulated cultured renal epithelial cells
(HK-2) with TGF-β1 in the presence or absence of lactoferrin, to analyze whether lactoferrin inhibits the
TGF-β1-induced fibrosis signaling pathway. The results showed that lactoferrin reduced the expression
of the profibrogenic TGF-β1 target genes PAI-1, CTGF and collagen I (Figure 4B). The results indicate
that lactoferrin inhibits TGF-β1-induced renal fibrosis.
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Figure 4. Lactoferrin inhibits TGF-β1-induced fibrosis in HK-2 cells. (A) TGF-β1 increases fibrosis-
related protein, including collagen 1, CTGF and PAI-1. Cell were incubated with TGF-β1 for 24 h.
(B) Effect of lactoferrin on fibrosis-related proteins expression in HK-2 cells exposed to TGF-β1
(10 ng/mL). Cells were pretreated with lactoferrin for 24 h and then incubated with TGF-β1 for 24 h.

3.5. Folic Acid (FA) Induces AKI and Develops Early Fibrosis in Kidney Tissues

Ischemia/reperfusion (I/R), sepsis, toxicants and drugs are usual causes of AKI and induce tubular
necrosis and reduce glomerular filtration [28]. Previous studies have demonstrated that high doses of
folic acid (FA) cause AKI due to the formation of luminal crystals and toxicity in the tubular epithelium
in rodents [29,30]. FA-induced AKI can cause CKD and fibrosis in a mouse model [31]. As shown in
Figure 5A, mice given 250 mg/kg FA intraperitoneally had decreased body weight at days 2, 7 and 14 and
recovered at days 28 and 35. BUN concentrations and serum creatinine levels predominantly increased
after FA injection at days 2 and 7 and decreased until day 14 (Figure 5B,C). Renal histopathology was
examined using H+E staining at days 2, 7, 14, 28 and 35 (Figure 5D). The results showed that the
renal cortex after FA treatment displayed brush border loss and tubular dilatation at days 2 and 7.
At day 14, there was a partial recovery of normal renal structure characterized by repopulation of the
tubular epithelial cells, but brush border restoration showed that it was incomplete. FA caused marked
glomerular atrophy, which is a hallmark of CKD, on day 35. Furthermore, renal fibrosis was assessed
by Masson’s trichrome staining for collagen fibers (Figure S1). The results showed the significant
accumulation of collagen fibers in the FA group at days 28 and 35. In summary, peak renal dysfunction,
including serum creatinine and BUN, occurred 2 days after FA administration and gradually decreased
at day 14. Although the two markers recovered, the persistent damage of normal tubular morphology
was examined in kidneys until day 35, revealing incomplete recovery and early CKD progression.
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Figure 5. Folic acid (FA) induces AKI and renal fibrosis development. (A) Measurement of body
weights of C57BL/6 mice. Mice were i.p. injected with 250 mg/kg FA one time at day 0. * p < 0.05
compared with normal. Renal function was assessed at 2, 7, 14, 28 and 35 days postinjection by
measuring blood urea nitrogen (BUN) (B) and creatinine (C) levels. * p < 0.05 compared with normal.
(D) Representative kidney sections in mice were stained with H+E and examined by microscopy.
Scale bar = 50 µm.
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3.6. Lactoferrin Is a Therapeutic Intervention in the AKI to CKD Continuum

To confirm whether lactoferrin had renoprotective effects on FA-induced AKI to CKD transition,
we examined renal function, body weight and the appearance of kidneys. The results indicated
that FA injection decreased body weight, but low and high concentrations of lactoferrin (LFL and
LFH) restored body weight (Figure 6A). FA decreased renal function as creatinine and BUN levels
increased compared to those of the normal group (Figure 6B,C). LFL and LFH can inhibit FA-induced
creatinine and BUN levels. Furthermore, kidneys from the mice were directly examined (Figure 6D).
We found that the kidneys of the FA group were orange in color and that the surfaces of the
kidneys were rough and uneven. The lactoferrin groups (FA + LFL and FA + LFH) had improved
appearances. In addition, the kidney sections of the mice in the FA-treated groups showed variable
and severe histopathological alterations (interstitial inflammation and glomerular atrophy) (Figure 7A).
Normal histological structures with normal renal tubules and glomeruli were observed in the FA
+ LFH group. The assessment of renal fibrosis in kidneys by Masson’s trichrome staining and
immunohistochemical staining for profibrotic marker (α-SMA) showed significant renal fibrosis
development in the FA group (Figure 7B and Figure S2). Fibrosis was restrained in LF-treated mice
in comparison to that in FA-treated mice. Moreover, to analyze whether the lactoferrin-induced
renoprotection was indeed due to the regulation of autophagy and apoptosis, we examined the markers
of autophagy and apoptosis. The results showed that the FA + LFH group had markedly increased LC3
expression (Figure 7C). The protein levels of cleaved caspase-3 were highly elevated after FA injection,
whereas they were significantly suppressed in the FA + LFL and FA + LFH groups (Figure 7D). Thus,
treatment with lactoferrin recovered renal function and further suppressed renal fibrosis through the
inhibition of apoptosis and the induction of autophagy in the AKI to CKD continuum.Pharmaceutics 2020, 12, x FOR PEER REVIEW 11 of 16 
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Figure 7. Lactoferrin attenuated renal injury and renal fibrosis in FA-induced mice. Representative
micrographs of H+E (A) and Masson’s trichrome staining (B) in the indicated groups in the FA mouse
model. The protein expression of LC3 (C) and cleaved caspase-3 (D) in the indicated groups of kidney
sections. Scale bar = 50 µm.
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4. Discussion

AKI is an important contributor to the increasing risk of developing CKD [3,32]. Among the
findings to date, irregular repair of AKI may cause CKD through excessive deposition of components
of the extracellular matrix, cell death, persistent inflammation and fibrosis [32,33]. However,
the underlying molecular mechanisms in the AKI to CKD continuum are unclear. In the current
study, we analyzed the transcriptional profiles using the microarray dataset in clinical kidney
tissues from AKI and CKD patients (Figure 1). The results found that the mRNA level of LTF
was significantly upregulated in the kidney tissues of AKI and CKD patients (Figure 1B–D). A previous
study found the protective effect of lactoferrin on cisplatin-induced nephrotoxicity in rats. Furthermore,
lactoferrin ameliorates cisplatin-induced creatinine and BUN in plasma [34]. Lactoferrin protects the
kidney against chromium-induced AKI through antioxidative, antiproliferative and anti-inflammatory
effects by the downregulation of IGF-1 and IL-18 [20]. In addition, lactoferrin inhibits oxidative stress,
apoptosis and neuroinflammation through the upregulation of brain-derived neurotrophic factor
(BDNF) and hypoxia-inducible factor 1α (HIF-1α) and the inhibition of JNK and P38 in neurons [35].
Our results showed that lactoferrin suppressed oxidative stress-induced cell death and apoptosis in
human kidney tubular epithelial cells (Figure 3A,B). Moreover, lactoferrin inhibited TGF-β1-induced
renal fibrosis by restraining the expression of the profibrogenic genes CTGF, PAI-1 and collagen I
(Figure 4B). In an in vivo study, lactoferrin ameliorated FA-decreased body weights and inhibited
FA-induced creatinine and BUN levels. (Figure 6A–C). In addition, lactoferrin restored FA-induced
histopathological alterations in the kidney sections of the mice (Figure 7A). Fibrosis and apoptosis
were attenuated in lactoferrin-treated mice in comparison to fibrosis and apoptosis in FA-treated
mice (Figure 7B,D).

A previous study found that lactoferrin induces autophagy via low-density lipoprotein
receptor-related protein 1 and AMP-activated protein kinase activation [36]. Autophagy enhances
cell survival and maintains cellular and tissue homeostasis [37]. Current evidence suggests that
abnormal autophagy has been implicated in many human diseases, including various kidney diseases
(diabetic nephropathies, AKI, polycystic kidney diseases and CKD) [38–40]. Autophagy dysfunction
can cause a loss of podocytes, glomerulosclerosis and damage to proximal tubular cells. Autophagy
also restrained apoptosis of mesangial cells in diabetic nephropathy, through the inhibition of the TGF-1
and PI3K/Akt pathways [41]. In addition, the LC3B knockout mice showed autophagy deficiency
and had severe tubulointerstitial fibrosis after ureter obstruction [42]. Therefore, the protective
mechanisms of autophagy help repair and regenerate damaged kidneys [40]. In our current study,
lactoferrin induced autophagy via the activation of AMPK and the inhibition of the Akt/mTOR
pathway in HK-2 cells (Figure 2). The folic acid mouse model showed that the kidney sections of
lactoferrin-treated mice markedly increased autophagy (Figure 7C). The knockdown of autophagy
significantly accelerated H2O2-induced cell death (Figure 3C). These results suggest that lactoferrin
inhibits oxidative stress-induced cell death and apoptosis by augmenting autophagy.

5. Conclusions

In summary, high levels of LTF expression were observed in AKI and CKD patients. Lactoferrin
induced autophagy through the activation of AMPK and the inhibition of Akt/mTOR pathway in
human kidney tubular epithelial cells (Figure 8). Lactoferrin suppressed oxidative stress-induced cell
death and apoptosis by augmenting autophagy. Furthermore, lactoferrin has an anti-fibrotic role in
human kidney cells. In an in vivo study, lactoferrin was an effective therapeutic intervention in the
AKI to CKD continuum.
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