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ABSTRACT Kidney disease is becoming a global public health issue. Acute kidney
injury (AKI) and chronic kidney disease (CKD) have serious adverse health outcomes.
However, there is no effective therapy to treat these diseases. Lactoferrin (LF), a
multi-functional glycoprotein, is protective against various pathophysiological con-
ditions in various disease models. LF shows protective effects against AKI and CKD.
LF reduces markers related to inflammation, oxidative stress, apoptosis, and kidney
fibrosis, and induces autophagy and mitochondrial biogenesis in the kidney. Al-
though there are no clinical trials of LF to treat kidney disease, several clinical trials
and studies on LF-based drug development are ongoing. In this review, we discussed
the possible kidney protective mechanisms of LF, as well as the pharmacological and
therapeutic advances. The evidence suggests that LF may become a potent pharma-

Pharmacology
Therapeutics

INTRODUCTION

Noncommunicable diseases (heart disease, diabetes, or kidney
disease) have replaced communicable diseases (influenza, ma-
laria, or AIDS) as the most common causes of premature death
worldwide [1]. In particular, kidney disease is a global public
health problem, affecting over 750 million persons worldwide
[2]. The burden of kidney disease varies significantly across the
world. While the magnitude of the impact is better defined in de-
veloped countries, recent evidence suggests developing countries
have a similar or even greater kidney disease burden [3].

Acute kidney injury (AKI) and chronic kidney disease (CKD)
are common in hospitalized patients. Patients who survive AKI
are at a higher risk of CKD [4]. CKD development increases
the risk of mortality and results in end-stage kidney disease [5].
Globally, the total number of people with CKD, AKI, and kidney
replacement therapy has exceeded 850 million. Monitoring the

cological agent to treat kidney diseases.

severity of this disease will be beneficial for developing therapeu-
tic approaches [6]. Existing treatment strategies may not restrain
kidney failure [6-8]. Therefore, a promising therapeutic candidate
must be identified to preserve kidney function.

Lactoferrin (LF) is a non-heme iron-binding glycoprotein. It is
a transferrin family member, and it is found in breast milk as well
as in other exocrine fluids [9]. Immune responses are required to
protect vital organs like the kidney from different harmful condi-
tions. A study has identified LF as a crucial factor in facilitating
innate and adaptive immune responses [10]. LF possesses multiple
pharmacological properties, such as anti-bacterial, anti-fungal,
anti-viral, anti-inflammatory, and antioxidative, mediated by
multiple receptors [11-15]. LF alleviates osteoporosis by improving
bone growth and metabolic processes [16]. It plays a significant
role in the fight against diabetes in rat models [17]. In some intes-
tinal diseases, LF can be used as adjuvant therapy [18,19]. It shows
a favorable response against human colorectal polyp growth
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[19,20]. Studies have shown that aerosolized LF protects against
lung injury and fibrosis after moderate hyperoxia [19,21]. In our
previous study, we have summarized the functions, pharmaco-
logical insights, and therapeutic promises of LF against various
pathological conditions in general [22]. Also, we found multiple
clinical trials on LF as a therapeutic agent for treating different
diseases such as sepsis, anemia, diarrhea, Crohn's disease, sinus-
itis, AIDS, periodontal disorders, and so on [22]. Though there is
almost no evidence on clinical trial of LF for treating kidney dis-
eases like AKI and CKD, various preclinical studies have shown
protective effect of LF against kidney diseases. For instances, LF
shows antioxidant, anti-inflammatory, and anti-proliferative
properties and protects the kidney against chromium-induced
AKT in rats [11]. Recently, LF therapy was observed to restore kid-
ney function and to protect against AKI and early kidney fibrosis
[23].

Considering these findings together, we have hypothesized that
LF may provide kidney protective functions against various pa-
thologies in kidney cells and tissues. In this review, we have sum-
marized the kidney protective potentiality of LF, the mechanisms
involved, and the therapeutic advances.

METHODS

We performed a literature search of original research articles
using PubMed, Scopus, and Google on the effects of LF against
various pathophysiological disorders such as AKI and CKD.
We conducted a search using various keywords, including LF,
structure, receptors, inflammation, oxidative stress, fibrosis, en-
doplasmic reticulum stress (ER stress), autophagy dysfunction,
mitochondrial dysfunction, clinical trials, and drug development.

STRUCTURE AND RECEPTORS OF
LACTOFERRIN

In 1939, LF, a member of the transferrin family, was discovered
in bovine milk [24,25]. LF consists of two globular lobes (80 kDa
glycoprotein) of ~700 amino acids. The two globular lobes are
connected by a flexible alpha helix [26]. There are three isoforms
of LF, LF-a. (only binds to iron), LF-pB, and LF-g [25,27]. Human
and bovine LF (bLF) structures are shown in Fig. 1.

LF mediates its biological activities through interaction with
various receptors on multiple tissues and cell types, including
intestinal epithelial cells and lymphocytes [28,29]. The LF recep-
tors are CD14, low-density lipoprotein receptor-related protein-1
(LRP-1/CD91), intelectin-1 (omentin-1), toll-like receptor 2 and
4 (TLR4), transferrin binding receptors (TFR1, TFR2), and C-X-
C-motif cytokine receptor 4 (CXCR4) [30-34]. LF binds to cell-
surface and extracellular matrix macromolecules such as heparan
sulfate proteoglycans [35,36]. LF interacts with sulfated proteo-
glycans at the cell surface and then binds specifically with mem-
brane receptors to stimulate ERK1/2 and PI3K/Akt pathways in
the cells. Because of the high metabolic rate of cancer cells, their
expression of surface receptors is generally increased [37,38]. LF-
conjugated N-trimethylated chitosan nano particles (NPs) show
higher cellular uptake by 16HBE and SH-SY5Y cells [39]. Intelec-
tin-1 (omentin-1), another receptor, is expressed in intestinal
epithelia [40]. Iron absorption receptors such as divalent metal
ion receptor (DMT1) are also expressed in intestinal cells [41].
LF binds to TLR4 to activate nuclear factor kappa B (NF-xB) and
CXCR4 [30,42].

Fig. 1. Crystal structures of (A) bovine lactoferrin (bLF, PDB code = 1BLF), and (B) human lactoferrin (1LFG). AS1, AS2, AS3, AS4, and AS5 indi-

cate the active sites of LF.
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PROTECTIVE EFFECTS OF LACTOFERRIN
AGAINST KIDNEY DISEASES

We first summarize the data demonstrating the protective
mechanisms of LF against AKI and CKD (Table 1, Figs. 2 and 3).

Acute kidney injury

AKI occurs suddenly and causes a rapid increase in serum
creatinine, decreases in urine output, or both [43]. The leading in-
ducers of AKIT are ischemia, hypoxia, and nephrotoxicity [44]. LF
prevents ischemia, hyperoxia, and nephrotoxicity-induced AKI in

mate (PDC)-induced AKI in rats [11]. Pretreatment with LF sig-
nificantly reduced PDC-induced tubular epithelial hyperplasia,
inflammation, oxidative stress, and apoptosis. Also, LF restored
PDC-induced serum urea and creatinine; restored the glutathi-
one (GSH) and malondialdehyde level; normalized insulin-like
growth factor-1 and interleukin (IL)-18 expression; and decreased
the level of apoptosis-related biomarkers Bax and caspase-3 in
AKT rats [11]. The chemotherapeutic agent cisplatin has a nephro-
toxic effect in AKI. Pretreatment with bLF significantly reduced
cisplatin-induced nephrotoxicity and impairment of the proximal
tubules by attenuating tubular necrosis in rats [45]. Lower levels
of platinum content, blood urea nitrogen (BUN), and creatinine

rats and mice models. were observed in cisplatin-injected rats treated with LF [45]. A

LF showed kidney protective effects against potassium dichro- hyperoxic condition (FiO, > 95%) causes massive reactive oxygen
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Fig. 2. Mechanisms of lactoferrin (LF) against AKI. Hyperoxia (FiO, > 95 %) induces inflammation via ROS generation, MAPK and NF-kB activation.
LF inhibits inflammation by reducing ROS generation and downregulating pro-inflammatory cytokines. PDC significantly increases NF-kB, IL-18, IL-
4, and IGF-1 accompanied by kidney MDA and decreased GSH. Increased IL-4 leads to TNF-o expression and inflammation. IGF-1 enhances FoxO1
production, leading to tubular epithelial hyperplasia. Increased MDA leads to oxidative stress. PDC also increases Bax and caspase-3, resulting in
apoptosis. LF prevents AKI by inhibiting PDC-induced inflammation, hyperplasia, apoptosis, and oxidative stress. Fe-NTA lowers the GSH content that
causes oxidative stress. LF normalizes GSH and inhibits oxidative stress. Also, cisplatin causes cisplatin accumulation in the kidney that leads to tubular
necrosis. LF decreases platinum content in the kidney, prevents cisplatin accumulation and inhibits tubular injury. AKI, acute kidney injury; Bax, BCL2
associated X; Fe-NTA, ferric nitrilotriacetate; FiO,, the fraction of inspired oxygen; FoxO1, forkhead box protein O1; GSH, glutathione; IGF-1, insulin-
like growth factor-1; IL, interleukin; MDA, malondialdehyde; NF-kB, nuclear factor kappa B; PCNA, proliferating cell nuclear antigen; PDC, potassium
dichromate; TNF-a, tumor necrosis factor alpha; MAPK, mitogen-activated protein kinase; ROS, reactive oxygen species.
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species (ROS) production and leads to systemic inflammation in
mice [19]. Oral administration of bLF alleviated the hyperoxia-
induced oxidative stress and inflammation by reducing ROS
generation and mitogen-activated protein kinase, and NF-kB ac-
tivation in a transgenic mouse (NF-kB-Luc"”") model [19]. Subse-
quently, it reduced the expression of pro-inflammatory cytokines
IL-6 and IL-1p, and tumor necrosis factor alpha (TNFo) [19]. It
has also been observed that bLF can protect the kidney against
iron-induced oxidative damage and kidney tubular injury [46]. In
ferric nitrilotriacetate (Fe-N'TA)-injected rats, pretreatment with
bLF reduced BUN and the creatinine levels that Fe-NTA elevated.
Also, bLF suppressed Fe-NTA-induced oxidative damage and
increased the expression of antioxidant enzymes, e.g., GSH per-
oxidase and GSH reductase, in the kidneys [46].

Moreover, camel milk showed kidney protective effects against
5-fluorouracil-induced kidney injury in the Wistar rat model [47].
The abundance of LF content in camel milk played a significant
role in protecting the kidney against 5-fluorouracil-induced in-
flammation and oxidative damage [47]. LF also attenuated acute
alcoholic liver injury by improving redox-stress response capacity
in mice [48].

Ammendolia et al. [49] observed the anti-herpetic effect of bLF
in green monkey kidney cells. LF blocked the entry of herpes

www.kjpp.net

Fig. 3. Mechanisms of lactoferrin (LF)
against CKD. LF induces autophagy
by activating AMPK and inhibiting the
Akt/mTOR pathway. Hydrogen peroxide
(H,0,) causes oxidative stress-induced
cell death and apoptosis. LF inhibits cell
death and apoptosis by augmenting
autophagy and reducing caspase-3.
Folic acid induces kidney fibrosis, and
LF prevents that by inhibiting apoptosis
and inducing autophagy. TGF-B1 in-
duces fibrosis by increasing the expres-
sion of PAI-1, CTGF, and collagen-1, and
LF inhibits fibrosis by decreasing their
expression. A high fat and salt condition
promotes inflammation leading to kid-
ney damage. LF inhibits inflammation
and protects against kidney damage by
reducing inflammatory cytokines. AKT,
protein kinase B; AMPK, AMP-activated
protein kinase; Bax, BCL2 associated X;
CKD, chronic kidney disease; Col1, col-
lagen 1; CTGF, connective tissue growth
factor; IL, interleukin; LC3, light chain
3; MCP-1, monocyte chemoattractant
protein-1; mTOR, mechanistic target of
rapamycin; PAI-1, plasminogen activator
inhibitor-1; TGF-B1, transforming growth
factor beta 1; a-SMA, alpha-smooth
muscle actin.

Oxidative
damage

simplex virus type-1 by competing with heparan sulfate recep-
tor and inhibiting cell to cell spreading [49]. In a mouse model
of choroidal neovascularization, LF inhibited hypoxia-inducible
factor [50]. In addition, it protected the corneal epithelial cell
line from hypoxic induced cell damage and protected immature
hypoxic-ischemic rat brain [51,52]. However, further study is
required to determine whether LF can protect the kidney from
hypoxia-induced cell damage.

Chronic kidney disease

CKD is a heterogeneous disorder that gradually affects kidney
functions and structure. CKD is defined as kidney damage and
a low glomerular filtration rate (< 60 ml/min/1.73 m?) for three
months or more [53].

LF prevented the AKI to CKD transition in the folic acid in-
jected mice model [23]. LF normalized folic acid-induced BUN
and creatinine levels. LF inhibited folic acid-induced oxidative
stress, fibrosis, and apoptosis of kidney cells [23]. Also, LF showed
an antifibrotic role by augmenting autophagy, which involves ac-
tivation of AMP-activated protein kinase (AMPK) and inhibition
of the Akt/mTOR pathway [23]. Another study showed that an
LF-rich diet protected the kidney against inflammation and kid-

Korean J Physiol Pharmacol 2022;26(1):1-13
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ney damage in high fat and salt-loaded rats [54]. An LF enriched
diet lowered the nephritis score and the albumin to creatinine
ratio. It reduced the expression of the kidney damage markers
osteopontin and renin, and the inflammatory markers monocyte
chemoattractant protein-1 and IL-6 [54].

Hydrogen peroxide (H,0O,) treatment induces oxidative stress
and apoptosis in human kidney proximal tubular epithelial (HK-
2) cells [23]. Pretreatment with LF suppressed cellular oxidative
stress and apoptosis by augmenting autophagy, which involves
activation of AMPK and the Akt/mTOR pathway inhibition.
Besides, it increased the expression of the autophagy-related
gene beclin-1 and suppressed the apoptosis-related genes Bax,
cleaved caspase-3, and cleaved caspase-9 [23]. In a similar study,
LF inhibited fibrosis in transforming growth factor-p1 (TGF-B1)-
treated HK-2 cells by suppressing the expression of TGF-f1 target
genes plasminogen activator inhibitor-1 (PAI-1), connective tissue
growth factor (CTGF), and collagen-1 [23].

PHARMACOLOGICAL POTENTIALS

OF LACTOFERRIN AGAINST VARIOUS
PATHOPHYSIOLOGICAL CONDITIONS IN
KIDNEY DISEASES

A recent study has reviewed the protective effects of LF against
various pathological conditions [22]. The following sections
summarize the current knowledge of LF in mediating protec-
tion against kidney disorders-associated pathological conditions,
including oxidative stress, inflammation, fibrosis, ER stress,
autophagy dysfunction, and mitochondrial dysfunction (Table 1,
Figs. 1 and 2).

Oxidative stress

Oxidative stress can be defined as an imbalance between pro-
oxidants and antioxidants. It represents the imbalance of redox
signaling [55-60]. Free radicals are mostly formed as a by-product
of aerobic metabolism [61,62]. Free radicals can positively or
negatively affect the human body [63]. ROS is mainly formed
in mitochondria during oxygen metabolism [55]. ROS includes
superoxide anions, H,0,, and hydroxyl radicals [62]. ROS can
induce several pathologic conditions by causing damage to DNA
and proteins, promoting lipid peroxidation, and triggering cell
death [62,64,65]. Also, oxidative stress plays a vital role in the
pathophysiology of various kidney diseases [61,66]. The most
common consequence of oxidative stress is inflammation, which
is associated with kidney diseases. Generally, oxidative stress is
associated with AKI and CKD development [67]. Oxidative stress
and inflammation are commonly seen in CKD patients [68].
It has been shown that an impaired mitochondrial respiratory
system contributes to high oxidative stress in CKD patients [69].
ROS can play a significant role in diabetic nephropathy and

Korean J Physiol Pharmacol 2022;26(1):1-13

immune-mediated glomerulonephritis. ROS mediates kidney cell
injury through triggering signal transduction cascades and the
activation of transcription factors that upregulate kidney cell in-
jury-associated genes and proteins [62]. Besides, smoking and al-
cohol consumption also contribute to kidney oxidative stress [61].
Excessive ROS production may increase the risk of morbidity and
mortality in CKD patients [55]. Severe oxidative damage may
cause the failure of organ repair or replacement systems [58]. Pro-
tection by complex antioxidants is required to prevent this oxida-
tive stress-induced injury [62,63].

LF acts as an antioxidant, which is the principal component of
immune homeostasis. LF may decrease intracellular ROS levels
and oxidative stress-induced apoptosis. Transitional metals such
as iron are the leading cause of oxidative stress, which control
ROS production. LF can inhibit lipid peroxidation due to iron
sequestration [10]. Administration of bLF protects kidney tis-
sue from Fe-NTA-induced kidney tubular oxidative injury in rat
models. It appears that bLF suppresses serum markers of acute
kidney failure and kidney tubular injury. These results indicate
that LF ingestion effectively prevents kidney tubular oxidative
damage [46]. LF diminishes H,0,-induced apoptosis in HK-2
cells by inducing autophagy [23]. Also, LF mediates the first-line
immune defense and controls oxidative cellular activity [70].

Inflammation

Inflammation is a complicated interaction that combines
many physiological and pathological processes [71,72]. Adaptive
inflammatory reactions in tissue occur in response to harmful
stimuli and situations such as infectious, ischemic, toxic, or au-
toimmune injuries [71-73]. Inflammation persists in all kinds of
kidney diseases. Inflammasomes are macromolecules that can
activate inflammatory responses, and they are involved in kidney
diseases [74]. In AKI, several factors such as leukocytes, adhe-
sion molecules, chemokines, and cytokines induce inflammation
[11]. Pro-inflammatory cytokines, including IL-18 and TNFa,
play significant inflammatory roles in kidney diseases [11,75].
Activation of the transcription factor NF-xB stimulates pro-in-
flammatory gene expression in kidney tissue injury [76]. Kidney
inflammation and its implications have inspired researchers to
find novel therapeutics [77].

LF from various sources (human, bovine, porcine, caprine, ca-
melid, and buffalo) has been used successfully against the inflam-
matory processes [78]. LF can contribute to the immune system
of the kidneys through iron metabolism [79]. LF can reduce the
damage of excessive inflammatory responses by sequestering free
iron and directing reactive oxygen intermediates [19]. It may be a
part of the antioxidant defense system that protects the kidneys
from nonmicrobial oxidative damage, i.e., ischemia and reperfu-
sion [79]. LF inhibited inflammation in the chromium-induced
AKI model by downregulating IL-18 and other inflammatory
cytokines [23]. Previous studies have shown that oral adminis-

https://doi.org/10.4196/kjpp.2022.26.1.1
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tration of LF can effectively reduce hyperoxia-mediated kidney
inflammation and kidney injury in mice models [19]. In addition,
LF plays a significant role in controlling immune responses by ac-
tivating various signaling pathways that protect against acute and
chronic inflammation in kidneys [80].

Fibrosis

Kidney fibrosis is the formation of scars in the parenchyma and
it is the common phenotype of almost all chronic and progressive
nephropathies [81]. Nearly all types of CKD involve excessive ac-
cumulation and deposition of extracellular matrix components
that results in kidney fibrosis [82,83]. Kidney fibrosis is mainly
characterized by glomerulosclerosis and tubulointerstitial fibrosis
[82,84]. Inflammation of the tubulointerstitial compartment is
considered the leading cause of kidney fibrosis [85]. Some cellular
pathways like mesangial and fibroblast activation and tubular
epithelial-mesenchymal transition (EMT) have been recognized
as the main ways to stimulate matrix-producing cells in diseased
conditions. TGF-P1 is a fibrotic factor that plays a vital role in
kidney fibrosis. It is considered the critical modulator in regulat-
ing the EMT process via the SMAD pathway, possibly in asso-
ciation with hypoxia-inducible factors [82,86]. Defective matrix
degradation can lead to tissue scarring, but the proper function
and mechanisms of the matrix-degrading enzymes in the injured
kidney gradually become complicated [82]. During progressive
kidney injury, TLR2 activation may trigger kidney inflammation.
However, the absence of TLR2 does not affect the progression
of kidney interstitial fibrosis. In patients with IgA nephropathy,
TLR2 expression is upregulated in tubulointerstitial cells (myo-
fibroblasts and macrophages) [87]. Almost all types of cells (such
as fibroblasts, tubular epithelial cells, pericytes, endothelial cells,
vascular smooth muscle cells, mesangial cells, and podocytes) in
the kidney along with the infiltrated cells (such as lymphocytes,
macrophages, and fibrocytes) and conditions like hypertension,
hypoxia, hyperglycemia, and proteinuria, are involved in the
pathogenesis of kidney fibrosis [84,88]. Kidney fibrosis is a pro-
gressive process that eventually leads to end-stage kidney failure,
which requires dialysis or kidney transplantation [82].

LF plays an antifibrotic role in human kidney tubular cells. LF
can prevent TGF-Bl-induced kidney fibrosis in HK-2 cells. LF
downregulates the expression of TGF-p1 target genes, i.e., PAI-1,
CTGF and collagen-1 [23]. Thus, LF may show kidney protective
effects against the folic acid-induced AKI to CKD transition in a
mouse model [23]. Treatment with LF restored kidney function
and prevented kidney fibrosis by inhibiting apoptosis and aug-
menting autophagy [23].

Autophagy dysfunction

Autophagy is an intracellular system that degrades and recycles
cytoplasmic components [89] and long-lived proteins within the

www.kjpp.net

lysosome [90]. Apart from being a cell death apparatus, it plays a
significant role in the homeostasis of cells, tissues, and organisms
[91]. Excessive autophagy induction or blockade of autophagy
flux causes autophagy dysfunction [92]. It can be associated with
various diseases like cancer development and progression [93],
Crohn's disease [94], neurodegenerative diseases like Parkinson's
disease [95], and Alzheimer's disease [96]. Autophagy protects
the kidney from AKI by inhibiting proximal tubule degradation,
acute ischemic injury [97], and cisplatin-induced nephrotoxicity
[98]. Autophagy dysfunction is associated with diabetic nephrop-
athy [99] and chronic kidney disease [100,101]. In podocytes, it is
involved in age-related chronic kidney disease [102].

In H,0, treated HK-2 cells and folic acid-injected mice, LF
inhibited kidney disease by augmenting autophagy. LF induces
autophagy by activating AMPK and inhibiting the Akt/mTOR
pathway [23]. It can increase autophagy via AMPK activation
through the LRP-1 receptor [103]. LF also can induce neighbor of
Brcal-mediated autophagy [104].

Mitochondrial dysfunction

Mitochondria are the powerhouses of cells that generate energy
as an adenosine triphosphate molecule [105]. Mitochondrial dys-
function is the failure of mitochondria to perform appropriately
and is characterized by electron transport chain deficiency and
reduced high-energy molecule synthesis [106]. It is associated
with a broad range of diseases such as type-2 diabetes [107], in-
sulin resistance [108], atherosclerosis [109], neurodegenerative
diseases [110], cardiovascular disease [111], cancer [112], and liver
disease [113]. Mitochondrial dysfunction is the leading cause of
AKI and CKD. Impairment of mitochondria can cause exces-
sive ROS and reactive nitrogen species production, leading to
oxidative stress of the kidney [114]. Disturbance of mitochondrial
homeostasis in the kidney leads to inflammation [115], fibrosis,
and kidney injury [116]. Mitochondrial dysfunction is also associ-
ated with the AKI-to-CKD transition [117], diabetic kidney dis-
ease [118], glomerulosclerosis and progressive kidney failure [119],
and inherited kidney disease [120].

LF might prevent mitochondrial dysfunction in the kidney by
reducing ROS production in mice [19]. LF decreased lipopoly-
saccharide-induced mitochondrial dysfunction and protected
against oxidative stress in cultured cells in an endotoxemia model
[96]. It also prevented mitochondrial dysfunction by decreasing
ROS generation in neuronal cells [121].

ER stress

The endoplasmic reticulum is the site where membrane and
secretory proteins are synthesized and folded [122]. Proteins are
also modified and delivered to their destination from here. In
mammalian cells, sterols and lipids are synthesized in the ER [123].
As it is essential for many cellular functions [124], any distur-
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bance of its functions can cause an imbalance in protein folding
and secretory capability that causes the accumulation of unfolded
proteins in the lumen, causing ER stress [123]. This condition
activates the unfolded protein response, which is related to many
inflammatory and stress signaling pathways [124]. If ER stress
becomes severe, it can even cause cell death [125-127]. There is
clear evidence of a link between ER stress and kidney disease. It
promotes the development of AKT and CKD. ER stress is also in-
volved in ischemia, ischemia-reperfusion, and acute nephrotoxic-
ity associated with AKI [128]. It can cause glomerular and tubular
damage in patients with AKI and CKD [129].

Recombinant human LF might be associated with the inhibi-
tion of ER stress in hepatocytes [9]. Raghavan et al. [130] reported
that high glucose (HG) significantly increased the mRNA level
of ER stress markers such as GRP78, CHOP, IRE1, and PERK,
whereas only XBP1 rises transiently in pancreatic beta-cells. In-
terestingly, these were significantly reduced by treatment of LF.
In mesenchymal stem cells, HG also significantly increased the
mRNA level of GRP78, IREL, and PERK, whereas only IRE1 and
XBP1 rise transiently. LF treatment significantly decreased those
ER stress markers except XBP1 [130]. Since, no study regarding
LF against ER stress in kidney cells has been found, further study
is required to check whether LF can protect the kidney against ER
stress-induced cellular damage.

UPDATES ON CLINICAL TRIALS

In general, there are multiple clinical trials of LF as a thera-
peutic agent for treating different diseases such as sepsis, anemia,
diarrhea, Crohn's disease, sinusitis, AIDS, periodontal disorders,
and so on [22]. To date, we found no clinical trials of LF for treat-
ing kidney disease. However, Jonasch et al. [131] performed a
phase-2 clinical trial of talactoferrin (a recombinant form of hu-
man LF) on adult patients with metastatic kidney cell carcinoma.
In a non-randomized study, 40 patients participated, and they
were orally administered talactoferrin at a dose of 1.5 g twice dai-
ly on a 12-week-on 2-week-off schedule. The primary outcome of
this trial was an increased survival rate of 59% at 14 weeks. Since
LF has substantial kidney protective potential, more clinical trials
should be performed to test its efficacy against kidney disease.

LACTOFERRIN-BASED DRUG
DEVELOPMENT

Recent advances of LF-based nanocarriers as efficient platforms
for the delivery of anti-parkinsonian, anti-Alzheimer, anti-viral
drugs, immunomodulatory and bone engineering applications
have been reported [132]. In guinea pigs, subcutaneous adminis-
tration of bLF caused more passive cutaneous anaphylaxis than
oral administration [133]. Thus, oral administration may be the
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safest method [45]. However, oral administration is also challeng-
ing because LF is poorly absorbed in the gastrointestinal tract
(GIT), leading to reduced bioavailability. LF is partially degraded
in the GIT, and the large fragments are resistant to degradation.
This enzymatic degradation shortens the half-life of LF, result-
ing in inadequate delivery [132]. The enzymatic degradation and
absorption barrier reduces LF's therapeutic effect [134]. In some
cases, LF can cause toxicity, an inflammatory response [135], mi-
tochondrial damage, and cellular necrosis [136].

Several modifications can be applied to improve LF's drug
delivery, bioavailability, and in vivo stability. PEGylation (the
covalent attachment of polyethylene glycol) of LF can enhance
its therapeutic properties [137]. An LF conjugate 40k-PEG-bLF
was prepared by conjugating 40-kDa branched polyethylene
glycol (PEG) with bLF. This conjugate possesses an increased
proteolytic half-life (at least 6-fold) and an increased plasma half-
life (8.7-fold) compared to unmodified LF [138]. Another conju-
gate 20k-PEG-bLF was developed by conjugating 20-kDa with
bLF. This conjugate showed an increased proteolytic half-life (2
fold), a prolonged serum half-life (approximately 5.4 fold), and
increased absorption from the intestinal tract (approximately 10
fold) in rats compared to unmodified LF [139]. Another method,
liposomalization (encapsulation into liposome) of LF, exhibited
an enhanced anti-inflammatory effect. bLF was encapsulated
into a liposome consisting of egg yolk phosphatidylcholine and
phytosterol. This liposomal-LF showed a more suppressive effect
against carbon tetrachloride induced hepatic injury in rats than
unmodified LF. It also exhibited improved anti-inflammatory
action and increased intestinal absorption [133]. Liposomes can
also be a significant carrier of LF in the treatment of arthritic
and other inflammatory diseases. Positively charged liposomes
are appropriate in the modification of LF’s pharmacodynamics
profile [140]. Liposomalization of LF can also enhance its anti-
tumoral effects [141]. Several chitosan microparticles containing
LF were prepared by a w/o emulsification-solvent evaporation
method; among them, Ch-LF(N) is more effective. These mic-
roparticles showed gradual drug release properties and effective
delivery to the intestinal tract [142]. Chitosan/alginate/calcium
complex microparticles containing LF at a high loading were pre-
pared to increase the efficacy and overcome LF's gastric digestion.
These microparticles promoted the effectiveness of LF after oral
administration by controlling the release of LF. It took 1 h to re-
lease around 60% of LF and 7 h to release up to 80% at pH 1.2 [143].
Chitosan solution coated alginate/calcium complex micropar-
ticles can also play a significant role in LF's intestinal delivery [144].
NPs are also used to develop LF as an active therapeutic. Iron-
saturated bLF was adsorbed onto calcium phosphate nanocrystals
(NCs), followed by coating with chitosan and further encapsula-
tion in alginate [132]. The NCs induced apoptosis by downregu-
lating survivin in cancer cells and cancer stem cells, inhibited
angiogenesis and stem cell markers in the colon cancer model [37].
It also reduced tumor growth, was internalized in breast cancer,
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and induced apoptosis [41]. Nanoencapsulation of camel milk LF
through alginate nanocapsules kept the LF intact in the stomach
and safely delivered it to the lower GIT [145]. Nanoencapsulation
within lipid nanovesicles also improved the efficacy of bLF [146].
These techniques can be applied to develop LF-based effective
kidney protective therapeutics.

CONCLUSIONS

While kidney failure is becoming a global public health con-
cern, there is no effective therapy that can treat or prevent kidney
diseases. Our review suggests that LF may protect the kidney
from both AKI and CKD as shown in in vitro and in vivo studies.
In particular, LF prevents AKI in different models by inhibiting
hyperoxia-induced systemic inflammation, cisplatin-induced
nephrotoxicity, and iron-induced oxidative damage. LF also
prevents PDC-induced AKI in rats by inhibiting hyperplasia, in-
flammation, oxidative stress, and apoptosis. On the other hand,
LF prevents CKD development in the folic acid mice model. LF-
induced autophagy plays a significant role in preventing CKD de-
velopment by inhibiting fibrosis, oxidative stress, and apoptosis.
Also, an LF-enriched diet protects against kidney damage in rats
by reducing inflammation and kidney injury markers. Although
LF has substantial kidney protective potentiality, LF has some
limitations, such as poor enzymatic digestion and lower bioavail-
ability, which can hinder its efficacy [132]. A pre-developed drug
delivery system can be applied, or a new method could be devel-
oped for LF-based kidney protective drug development. Since
recombinant human LF has been suggested as a valuable protein
for pharmaceutical uses [9,147], it can be another key for over-
coming those limitations in treating kidney diseases. Also, this
review highlights the lack of clinical studies testing LF as a kidney
protective drug.
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