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Abstract 

The prevalence of chronic kidney disease (CKD) continues to rise, highlighting the urgent need for effective therapeutic interventions to address its vari- 

ous complications including sarcopenia. Lactoferrin, a multifunctional iron-binding glycoprotein found in mammalian breast milk, exhibits various biological 

activities and holds potential for treating CKD and its complications. This study investigated the effects of lactoferrin on CKD progression, its complications, 

and underlying mechanisms. A mouse model of adenine-induced renal failure was used as a CKD model. Lactoferrin was administered during the same 

period as adenine administration to assess its preventative effect on the progression of CKD. In another experiment, lactoferrin was administered after 

the adenine administration period to examine its effect on already advanced CKD. Effects of lactoferrin on renal function, renal pathology, and muscle 

atrophy were evaluated. Additionally, mechanistic insights were explored through mRNA and protein expression profiling, gut microbiota characterization, 

and metabolomic analysis. Lactoferrin administration improved reduction of renal function, and mitigated renal atrophy, and tubulointerstitial damage, and 

ameliorated skeletal muscle atrophy in CKD mice. In the skeletal muscle, CKD induced aberrant activation of mTOR1, impaired autophagy, and disrupted 

branched-chain amino acid metabolism. This abnormal activation of the proteolysis pathways was ameliorated by lactoferrin. Furthermore, lactoferrin at- 

tenuated dysbiosis-induced production of microbiota-derived uremic toxins, thereby reducing the indoxyl sulfate accumulation in blood and muscle. These 

effects contributed to decreased renal damage and delayed sarcopenia progression. Collectively, these findings suggest that lactoferrin may serve as a 

promising preventive and therapeutic agent for CKD-associated sarcopenia via the gut-kidney-skeletal muscle axis. 
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1. Introduction 

Chronic kidney disease (CKD), a condition characterized by

gradual decline of kidney function over time, is a global health

challenge and is associated with numerous serious complications.

Sarcopenia, characterized by the progressive and generalized loss

of muscle strength and mass, has gained increasing recognition as

an important complication in patients with CKD, particularly those

with end-stage kidney disease [ 1–3 ]. Sarcopenia is associated with

progression of CKD [ 4 ], increasing frailty [ 5 , 6 ], higher mortality

rates [ 7 , 8 ] and reduced quality of life in patients with CKD. How-

ever, the pathogenesis of sarcopenia in CKD remains incompletely

understood, and no established prevention or treatment strategies

currently exist. 

Patients with CKD are susceptible to sarcopenia due to in-

creased oxidative stress, metabolic disturbances, and enhanced

muscle protein catabolism driven by uremia [ 9–12 ]. Uremic toxins,

harmful metabolites that accumulate in the body due to impaired

renal function in CKD, are implicated in a variety of biological dis-

orders. We have reported that the uremic toxins accumulate in sys-

temic organs such as kidney, brain and, muscle, exerting adverse

effects [ 13 ]. For instance, indoxyl sulfate, a representative uremic

toxin, has been linked to CKD complications, including sarcopenia

through mechanisms involving inflammation, oxidative stress, and

metabolic dysregulation [ 14 , 15 ]. Of note, key uremic toxins, such as

indoxyl sulfate and hippuric acid, are produced by the gut micro-

biota metabolism [ 16–18 ]. Thus, dysbiosis of the gut microbiota has

been shown to exacerbate uremic toxin production and contribute

to CKD progression through the gut-kidney axis [ 17 , 19 ]. 

Lactoferrin, an iron-binding multifunctional glycoprotein and

member of the transferrin family, is found in mammalian milk,

tears, saliva, cerebrospinal fluid, and other excretory fluids [ 20 ]. It

plays a vital role in innate immunity, exhibiting antibacterial, anti-

inflammatory, and immunomodulatory properties [ 21 ]. Lactoferrin

has been reported to demonstrate renoprotective effect against

acute kidney injury [ 22 ], and improvements in intestinal environ-

ment [ 23–26 ]. Despite these promising findings, the role of lacto-

ferrin in CKD and its associated complications, particular sarcope-

nia, remains unclear. This study investigates the effects of lacto-

ferrin on CKD progression and sarcopenia and explores the un-

derlying mechanisms using a mouse model of adenine-induced

CKD. 

2. Experimental section 

2.1. Animal studies 

All animal experiments were approved by the Animal Commit-

tee of Tohoku University (Approval No. 2019PhA-010, 15 Feb 2019).

Experimental protocols and animal care were performed according

to the guidelines for the care and use of animals established by

Tohoku University and have been performed in accordance with

the ethical standards laid down in the 1964 Declaration of Helsinki

and its later amendments. Male C57BL/6JJcl mice of 7 weeks of

age were purchased from CLEA Japan, Inc. (Tokyo, Japan). Animals

were housed at 24 °C on a 12:12 h light-dark cycle and fed a reg-

ular chow (MF, Oriental Yeast Co., ltd, Tokyo, Japan) and water at

libitum. At eight weeks of age, mice were randomly divided into

control group and CKD group, and CKD treated with lactoferrin

(CKD + Lf) group for coadministration experiment to examine its

preventative effect ( Fig. 1 A). In another experiment, mice were ran-

domly divided into control group and CKD group, and CKD treated

with lactoferrin (CKD + Post-Lf) group for post-administration ex-

periment to examine its effect on already advanced CKD ( Fig. 6 A).

At eight weeks of age, the control group was maintained under
normal diet, while CKD group and CKD + Lf group was fed a diet

containing 0.2% adenine for six weeks. For coadministration ex-

periment, the mice were supplied with tap water containing 2%

lactoferrin (NRL Pharma Inc., Kanagawa, Japan) or control tap wa-

ter ad libitum for the six weeks on the adenine diet. For post-

administration experiment, the mice were supplied with 2% lacto-

ferrin ad libitum for four consecutive weeks from week 7 after the

6-week adenine diet. The dosage of lactoferrin was set based on

the dosage reported in previous studies [ 27 ]. At the end of this

period, urine and blood samples were collected. The mice were

anesthetized with isoflurane and then euthanized. Mouse organs

were collected and quickly preserved in liquid N2 or fixed in 2%

paraformaldehyde for analysis. The body weight and organ weight

at the dissection are summarized in Supplementary Table S1 and

S2. 

2.2. Quantitative real-time PCR analysis 

TRI Reagent (Molecular Research Center Inc., Cincinnati, OH,

USA) was used for RNA extraction according to the manufactures’

protocol. For reverse transcription, Advanced cDNA Synthesis Kit

for RT-qPCR (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was

used according to the manufacturer’s protocol. For quantitative real

time-PCR (qRT-PCR), primer of Gapdh, Ctgf, Tgfb1 , and were pur-

chased from Takara (Kusatsu, Japan), and primer of Col1a1, Col3a1,

Col4a1 , and Pai1 were synthesized by Fasmac Co., Ltd (Kanagawa,

Japan) and their set ID and sequence were listed in Supplemen-

tary Table S1. Gene expressions were evaluated using Luna® Uni-

versal qPCR Master Mix (NEW ENGLAND BioLabs, Massachusetts,

USA) with Bio-Rad CFX real-time PCR system. As reference gene,

Gapdh was used. The data were analyzed using the calibration

curve method. 

2.3. Renal histological analysis 

The kidney was fixed with 2% paraformaldehyde, and paraf-

fin embedding was performed by the Laboratory Animal Pathol-

ogy Platform, Common Equipment Office, Tohoku University Grad-

uate School of Medicine. Kidney sections were stained with Elas-

tica Masson (EM) stain. EM-stained sections were used for re-

nal tubular area evaluation, and sections were observed and pho-

tographed on a Keyence BZ-X800 (KEYENCE Corporation, Osaka,

Japan). 

2.4. Immunohistochemistry staining 

We used rat anti mouse F4/80 monoclonal antibody (1:200,

MCA497RT RRID: AB_1102558, Clone A3-1, BIO-RAD, Hercules, CA,

USA) as primary antibody. Antigen retrieval was performed using

Proteinase K (Agilent Technologies, CA, USA) incubated for 5 min at

room temperature to detect F4/80. Primary antibodies were incu-

bated overnight at 4 °C. N–Histofine simple stain kit (Nichirei Bio-

sciences, Tokyo, Japan) were used as a secondary antibody accord-

ing to the manufacturer’s protocol. Sections were incubated with-

out primary antibody as a negative control. The ratio of the F4/80

positive area to tubulointerstitial area was assessed using Image J

software. 

2.5. Muscle histological analysis 

Musculus quadriceps femoris were fixed with 2% paraformalde-

hyde, and paraffin embedding, H&E-staining was performed by the

Laboratory Animal Pathology Platform, Common Equipment Office,

Tohoku University Graduate School of Medicine. H&E-stained sec-
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Fig. 1. Lactoferrin administration ameliorated progression of renal impairment. (A) Experimental protocols. C57BL/6JJcl mice were fed a normal diet (MF) or 0.2% adenine- 

containing diet. Lactoferrin (Lf) was dissolved in tap water. (B) Representative image of harvested kidney and kidney weight at 6 weeks after the start of the experiment. 

Representative images of Masson Trichrome staining and quantitative analysis of residual tubular are. (C) Concentrations of blood urea nitrogen (BUN) through 2 weeks to 

5 weeks from start of experiment. (D) Levels of plasma creatinine, indoxyl sulfate, and hippuric acid. (E) Representative images of immunohistochemistry staining for F4/80 

and quantitative analysis of F4/80 positive area, Tukey-Kramer’s test; ∗P < .05, ∗∗P < .01, ∗∗∗P < .001, Student’s t-test; †† P < .01, n = 6 per group. (F) Successive changes of hemoglobin 

(Hgb) level from treatment week 3 to week 5. Data are shown as the mean ± standard error of mean. Tukey-Kramer’s test; ∗P < .05, ∗∗P < .01, ∗∗∗P < .001 (vs Control), ## P < .01, 
### P < 001 (vs CKD). 

 

 

 

 

 

 

 

tions were used for muscle evaluation, and sections were observed

on an OLYMPUS BX50 (Olympus Corporation, Tokyo, Japan) and

photographed on a Leica FLEXACAM C1 (Leica Microsystems, Wet-

zlar, Germany). Thirty cross-sections of myofibers were randomly

selected from each group for evaluation of cross-sectional area. 
2.6. Gas chromatography-mass spectrometry measurements 

The methods here reference our previous methods [ 27 , 28 ].

Fifty µg of quadriceps muscle was homogenized with 250 µL

of a solution containing 55% methanol and 22% chloroform dis-
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solved in distilled water containing 0.5 mg/mL 2-isopropylmalate

(Sigma-Aldrich). Then, dissolved in distilled water was incubated

in Thermo mixier C (Eppendorf) at 37 °C with 1,200 rpm shaking

for 30 min. The samples were centrifuged at 4 °C and 16,0 0 0 × g

for 3 min. 225 µL of supernatant was collected and 200 µL of dis-

tilled water was added. The sample was dried using an evaporator

under reduced pressure and lyophilized. For oximation, 80 µL of

20 mg/mL methoxyamine hydrochloride (Sigma-Aldrich) dissolved

in pyridine were mixed with the lyophilized sample, sonicated for

20 min, and shaken at 1,200 rpm for 90 min at 30 °C. Next, 40 μL

of N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) (GL Sci-

ences, Tokyo, Japan) were added for derivatization. The mixture

was then mixed at 1,200 rpm for 30 min at 37 °C, centrifuged at

16,0 0 0 × g for 5 min at 4 °C, and the resulting supernatant (1 μL)

was subjected to GC-MS. GC-MS analysis was performed using a

GC-MS QP2010 Ultra (Shimadzu) with a fused silica capillary col-

umn (BPX-5; 30 m × 0.25 mm inner diameter, film thickness:

0.25 μm; Shimadzu) and a front inlet temperature of 250 °C, and

a helium gas flow rate through the column of 39.0 cm/seconds.

The column temperature was held at 60 °C for 2 min, then raised

by 15 °C/min to 330 °C and maintained for 3 min. The interface and

ion source temperatures were 280 °C and 200 °C, respectively. All

data obtained by GC-MS analysis. The retention times indicated in

the Smart Metabolites Database (Shimadzu) were used. To perform

a semi-quantitative assessment, the peak area of each quantified

ion was calculated and normalized using 2-isopropylmalate peak

area. 

2.7. BUN measurement 

Blood urea nitrogen (BUN) was measured using a BUN colori-

metric detection kit (ARBOR ASSAYS, Ann Arbor, MI, USA) accord-

ing to the manufacturer’s instructions. Briefly, 50 µL of each plasma

or standard reagent was added into wells, followed by 75 µL of

Color Reagent A and 75 µL of Color Reagent B into each well. The

plate was incubated at room temperature for 30 min, and the ab-

sorbance was recorded at 450 nm. 

2.8. Uremic toxins measurement 

These measurements reference to our previous reported meth-

ods [ 13 , 15 ]. For sample preparation, 150 µL of 0.1% formate

methanol containing 2.0 µg/mL creatinine-d3, 1.25 µg/mL indoxyl

sulfate-d3 , and 2.5 µg/mL hippuric accid-d5 were added to 50 µL

of each plasma and vortexed for 1 sec. Then, the samples were

sonicated for 5 min and centrifuged at 16,400 × g for 20 min at

4 °C. The supernatant was filtered through membranes. Quantita-

tive analysis of indoxyl sulfate and hippuric acid was performed

using LC–MS/MS using Nanospace SI-2 3,033 coupled to a TSQ

Quantum Ultra mass spectrometer and operated in negative mode.

For indoxyl sulfate and hippuric acid measurements, each sample

(1 µL) was injected into 100 × 2.0 mm CAPCELL PAK C18 MG III,

3- µm column (OOSAKA SODA, Osaka, Japan) with Scherzo SM-C18

guard column 5 × 2.0 mm (Imtakt Corporation, Kyoto, Japan) at

a flow rate of 0.2 mL/min. For gradient elution, mobile phase A

was 10 mM ammonium acetate in pure water, and mobile phase B

was acetonitrile. Linear and stepwise gradients were programmed

as follows: 0–8 min: 0–100% solvent B; 8–12 min: 100% solvent

B; 12–15 min: 0% solvent B. Quantification analysis by MS/MS was

performed in SRM mode, wherein the transitions of the precursor

ion to the product ion and collision energy were monitored: m/z

212 → 80, 21 V for indoxyl sulfate; m/z 216 → 80, 30 V for in-

doxyl sulfate-d4, m/z 178 → 134, 13 V for hippuric acid; and m/z
183 → 139, 27 V for hippuric acid-d5, . Spray voltage was 2,500 V,

vaporizer temperature was 450 °C, and capillary temperature was

220 °C. 

For creatinine measurement, each sample (1 µL) was injected

into 150 × 2.0 mm YMC-PACK Pro C18, 3- µm column (YMC

Co., Ltd. Tokyo, Japan) with YMC semi-micro cartridge Pro C18

10 × 2.0 mm (YMC Co., Ltd.) at a flow rate of 0.1 mL/min. The tran-

sitions of the precursor ion to the product ion and collision energy

were monitored: m/z 114 → 44, 17 V for creatinine; m/z 117 → 47,

17 V for creatinine-d3 . 

2.9. Western blotting 

Protein was extracted using 1 × RIPA buffer (Cell Signal-

ing Technology, Danvers, MA, USA) containing a protease in-

hibitor (Roche Diagnostics K.K, Tokyo, Japan), phosphatase in-

hibitor cocktail (Sigma Aldrich), and 1 mM PMSF (Thermo Sci-

entific, Waltham, MA, USA). Protein concentration was deter-

mined using a Quick Start protein assay (Bio-Rad Laboratories,

Hercules, CA, USA), and 25 μg of protein was used in each

SDS-PAGE run. TGX FastCast Acrylamide kit 12% Gel (Bio-Rad)

was used for each analysis. Protein extracts were transferred to

a PVDF membrane. After blocking for 1 h, the membrane was

incubated with primary antibodies (anti-p70S6 Kinase, 1:10 0 0,

#9202, RRID: AB_331676, Cell Signaling; anti-Phospho p70S6 Ki-

nase, 1:10 0 0, #9205, RRID: AB_330944, Cell Signaling; anti-

Phospho-4E-BP1, 1:10 0 0, #9459 RRID:AB_330985, Cell Signaling,

anti-TNF α, 1:10 0 0, #250844 RRID:AB_2204102, ABBIOTEC; anti-

MuRF-1, 1:10 0 0, #MP3401 RRID: AB_2208832, ECM biosciences;

anti-mTOR, 1:10 0 0, #2972 RRID:AB_330978, Cell Signaling; anti-

Phospho-mTOR, 1:10 0 0, #2971 RRID:AB_330970, Cell Signaling;

anti-AMPK α, 1:10 0 0, #2532 RRID:AB_330331, Cell Signaling; anti-

Phospho-AMPK, 1:10 0 0, #2531 RRID:AB_330330, Cell Signaling;

anti- LC3A/B, 1:20 0 0, #12741 RRID:AB_2617131, Cell Signaling;

anti-Cathepsin B, 1:10 0 0, #31718 RRID:AB_2687580, Cell Signaling,

anti- β-actin(C4), 1:10 0 0, #sc-47778 RRID:AB_626632, Santa Cruz

Biotechnology) overnight at 4 °C. After washing, the membrane was

incubated with secondary antibodies (anti-rabbit IgG, 1:50 0 0, sc-

2357 RRID:AB_628497, Santa Cruz Biotechnology, Dallas, TX, USA;

anti-mouse IgG, 1:50 0 0, sc-2031 RRID:AB_631737, Santa Cruz) for

1 h at room temperature. As a reference protein, β-actin was

used. 

2.10. Analysis of murine fecal microbiota 

The measurement reference to our previous paper [ 29 , 30 ].

Feces were collected and stored at −30 °C until DNA extraction.

DNA was extracted from the mice fecal samples by the bead

beating method using glass beads. The feces were placed in 2-mL

vials (WAKENBTECH Co., Ltd., Tokyo, Japan) containing 0.5 mL

of lysis buffer (No. 10, Kurabo Industries Ltd., Osaka, Japan) and

0.5 g of 0.1-mm glass beads. The mixture was mechanically

disrupted by bead beating using a Cell destroyer PS10 0 0 (Bio

Medical Science, Tokyo, Japan) at 4,260 rpm for 50 s at room

temperature. DNA was extracted from the homogenized sample

using a Gene Prep Star PI-80X device (Kurabo Industries Ltd). The

concentration of the extracted DNA was determined using a Nan-

oDrop Spectrophotometer ND-10 0 0 (Thermo Fisher Scientific Inc.,

Waltham, MA, USA), and samples were stored at −30 °C until use.

The V3–V4 region of the 16S rRNA gene was amplified from the

fecal DNA samples by PCR using the following primers: forward:

5′ -TCGTCGGCAGCGTCAGATGTGTATAAGCGACAGCCTACGGGNGGCWG 

CAG-3′ , and reverse: 5′ -GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC

AGGACTACHVGGGTATCTAATCC-3′ . DNA library for Illumina MiSeq
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Fig. 2. Renal failure-induced skeletal muscle atrophy was ameliorated by lactoferrin treatment. (A–C) Representative H&E-stained cross-sections of quadriceps muscle. The 

yellow circular line is an example of a round-shaped muscle fiber used for the measurements. The number of evaluated cross-sectional area was 20 myofibers in each sample. 

(D) Levels of uremic toxins in quadriceps muscle. n = 6 in each group. Data are shown as the mean ± standard error of mean, Tukey-Kramer’s test; ∗P < .05, ∗∗P < .01, ∗∗∗P < .001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was prepared by using Nextera XT Index kit v2 set A (Illu-

mina Inc., San Diego, CA, USA). 16S rRNA gene sequencing was

performed using an Illumina MiSeq apparatus in accordance

with the manufacturer’s instructions. MiSeq reads were ana-

lyzed using the Quantitative Insights Into Microbial Ecology

(QIIME) software package. The steps from trimming of paired-

end reads to OTU picking were performed automatically by

QIIME Analysis Automating Script (Auto-q) (Mohsen A, Park J,

Kawashima H, Chen YA, Natsume-Kitatani Y, Mizuguchi K Auto-q

Qiime Analysis Automating Script (version 1.0). Zenodo. 2018.

http://doi.org/10.5281/zenodo.1439555.) . OTU picking and taxo-

nomic assignment were performed based on sequence similarity

( > 97%) using open-reference OTU picking with UCLUST software

against the SILVA v128 reference sequence. Whole genome infor-

mation of a specific microbe was obtained from SILVA browser

and GenBank database. 

 

2.11. Hematocrit and hemoglobin measurement 

Hematocrit and hemoglobin levels were measured by auto-

mated animal hematology analyzers HORIBA Microsemi LC-662

(HORIBA, Ltd., Kyoto, Japan). 

2.12. Statistical analysis 

Data were analyzed using JMP software version 17.0.0 (SAS In-

stitute Inc., Cary, NC, USA). Differences were considered statisti-

cally significant at P < .05. Student’s t-test was used for two vari-

ables comparisons. Statistical comparisons of multiple groups were

made using analysis of variance, followed by the Tukey-Kramer

test for normal distribution. In the case of non-normal distribution,

Wilcoxon test, followed by the Steel-Dwass test was used. Values

http://doi.org/10.5281/zenodo.1439555.)
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Fig. 3. Changes in valine, leucine and isoleucine metabolism in the skeletal muscle. Enrichment analysis of metabolite sets in the skeletal muscle between control group and 

chronic kidney disease (CKD) group. Levels of valine, leucine, and isoleucine in the skeletal muscle of Control, CKD, and CKD + lactoferrin (Lf) group. The sample number of 

Control, CKD, and CKD + Lf group was n = 6, n = 7, n = 6 in each group. Data are shown as the mean ± standard error of mean, Tukey-Kramer’s test; ∗P < .05, ∗∗P < .01, ∗∗∗P < .001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

were presented as mean ±standard error of the mean. The post hoc

power analysis was performed using JMP software, with a signifi-

cant level ( α) set to 0.05, σ was the root mean square error, and

effect size ( δ) set to 0.5. 

3. Results 

3.1. Prophylactic lactoferrin supplementation attenuates the 

progression of kidney disease 

To evaluate the impact of lactoferrin supplementation on the

progression of CKD, mice were divided into three groups; control
group fed a normal diet, CKD group fed an adenine-containing diet,

and CKD + lactoferrine (Lf) group fed an adenine containing diet

along with 2% lactoferrin solution for six weeks ( Fig. 1 A). During

the study period, CKD mice showed body weight loss, whereas the

CKD + Lf group showed reduction in body weight loss (Supplemen-

tary Fig. 1A). Both CKD and CKD + Lf groups exhibited increased

water consumption compared to the control group, with the CKD

group consuming significantly more water than the CKD + Lf group

from the 4 weeks of the study (Supplementary Fig. 1B). In the

CKD group, the kidney weight was reduced along with a decrease

in tubular area ( Fig. 1 B), whereas these reductions were mitigated

by lactoferrin supplementation in the CKD + Lf group ( Fig. 1 B). Al-
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Fig. 4. Renal failure-induced autophagy in skeletal muscle was ameliorated by lactoferrin treatment. (A) Phosphorylation levels of mTOR, p70S6kinase (p70S6K), and 4E-BP1 in 

main anabolic signaling pathway. (B) The levels of TNF α and MuRF-1 in the catabolic pathway. (C) Phosphorylation of AMPK and levels of LC3-II and cathepsin B in autophagy- 

mediated protein degradation. The sample number of Control, CKD, and CKD + lactoferrin (Lf) group was n = 4 each group. Data are shown as the mean ± standard error of 

mean, Tukey-Kramer’s test; ∗P < .05, ∗∗P < .01, ∗∗∗P < .0.001. Student’s t-test, # P < .05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

though markers of kidney function, including BUNplasma creati-

nine, and plasma uremic toxins (indoxyl sulfate and hippuric acid)

were significantly elevated in the CKD group, these parameters

were attenuated with lactoferrin supplementations ( Fig. 1 C and

D). Furthermore, increased macrophage infiltration, shown by im-

munohistochemistry stained with F4/80, observed in the kidney of

the CKD group was notably reduced in the CKD + Lf group ( P = .06)

( Fig. 1 E). 

In addition, lactoferrin administration alleviated renal anemia,

as evidenced by improved hemoglobin and hematocrit levels and

red blood cell (RBC) concentrations, which were decreased in the

CKD group ( Fig. 1 F, Supplementary Fig. 3). These findings indicate

that lactoferrin supplementation attenuates fibrosis progression,

and inflammation in the adenine-induced CKD model, thereby pre-

venting the disease progression of CKD. 

3.2. Effect of prophylactic lactoferrin supplementation on uremic 

sarcopenia 

We previously reported that uremic toxins, such as indoxyl sul-

fate, accumulate in skeletal muscle and is involved in develop-

ment of uremic sarcopenia via metabolic alteration [ 13 , 15 ]. To as-

sess the effect of lactoferrin in uremic muscle atrophy, we analyzed
the morphological structure of the quadriceps muscle ( Fig. 2 A–

C). The cross-sectional area of skeletal muscle fiber was signifi-

cantly smaller in CKD group compared to control group. However,

lactoferrin supplementation ameliorated the skeletal muscle atro-

phy observed in CKD group. In addition, we found that the lev-

els of uremic toxins, such as indoxyl sulfate and hippuric acid,

were higher in the skeletal muscle of CKD group mice than in the

control group, and these levels were significantly reduced in the

CKD + Lf group ( Fig. 2 D). 

To investigate the effects of lactoferrin on metabolic pathways

in CKD, metabolomic analysis of the quadriceps muscle was con-

ducted. Enrichment analysis highlighted alterations in the degrada-

tion and biosynthesis pathways of valine, leucine, and isoleucine,

indicating decreased levels of these branched-chain amino acids

(BCAAs) in the skeletal muscle of the CKD group ( Fig. 3 ). Since

BCAAs are known to be involved in protein synthesis pathways and

proteolytic pathways, specifically the ubiquitin-proteasome system

(UPS) and the autophagy-lysosome system, we examined the in-

volvement of each pathway in the progression of sarcopenia and

the effect of lactoferrin. BCAA enhance the phosphorylation sta-

tus of key proteins with mammalian target of rapamycin (mTOR)

signaling pathway, whose activation is a marker for muscle pro-

tein synthesis [ 31 , 32 ]. In the mTOR pathway, the phosphorylation

level of mTOR, p70S6K and 4E-BP1 indicate the activation of mTOR
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Fig. 5. Effect of lactoferrin on gut microbiota. Observed operational taxonomic units (OTUs) (A) and comparison of percentage of Bacillota (formerly Firmicutes ) and Bac- 

teroidota (formerly Bacteroidetes ) (B). (C) Relative abundance of microbiota based on the average number of each subfamily at the phylum, family, and genus levels. The major 

subfamilies are indicated next to the figure. (D-E) Relative abundances of Lachnoclostridium, Ruminiclostridium 9, [Eubacterium] xylanophilum group, Desulfovibrio, Intestinimonas, 

Parasutterella , and Bacteroides . Data are shown as the mean ± standard error of mean, Tukey-Kramer’s test; ∗P < .0.5, ∗∗P < .01, n = 6 per group. Student’s t-test, # P < .05. 

 

 

 

 

 

 

 

 

 

 

 

 

signaling [ 33 , 34 ]. In the CKD group, the phosphorylation levels of

mTOR and 4E-BP1 were increased compared to the control group.

Although the phosphorylation level of p70S6K did not differ be-

tween the control and CKD groups, it was significantly higher in

the CKD + Lf group than in the control group ( Fig. 4 A). Among the

catabolic pathway of skeletal muscle, a E3 ubiquitin ligase mus-
cle RING finger (MuRF1) and tumor necrosis factor-alpha (TNF-

α) are associated with loss of skeletal muscle strength [ 35 ]. The

expression levels of TNF- α and MuRF1 in the quadriceps mus-

cle were increased in the CKD group compared to those of the

control group ( Fig. 4 B). CKD-induced mTOR and 4E-BP1 phospho-

rylation indicate suppression of autophagy pathway, however, 5′ -



Y. Iwamoto, S. Yamakoshi, A. Sekimoto et al. / Journal of Nutritional Biochemistry 146 (2025) 110039 9 

Fig. 6. Lactoferrin treatment ameliorated progression of advanced renal impairment. (A) Experimental protocols. C57BL/6JJcl mice were fed a normal diet (MF) or 0.2% adenine- 

containing diet. Lactoferrin (Lf) was dissolved in tap water. (B) Comparisons of weight of the kidney and the heart. (C) Representative images of Masson Trichrome staining and 

quantitative analysis of residual tubular area. (D) Gene expression levels of Ctgf, Pai1, Tgfb, Col1a1, Col3a1 , and Col4a1 in the kidney. (E) Concentrations of blood urea nitrogen 

(BUN) through 6 weeks to 10 weeks from start of experiment and the change in BUN from 6 weeks to 10 weeks ( �BUN). Comparison of plasma concentration of indoxyl 

sulfate. Data are shown as the mean ± standard error of mean, Tukey-Kramer’s test; ∗∗∗P < .001 ∗P < .05, ∗∗P < .01, ∗∗∗P < .001, n = 6 per group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

adenosine monophosphate-activated protein kinase (AMPK), which

acts as a key regulator of skeletal muscle metabolism with pro-

moting autophagy-mediated protein degradation [ 36 ], was signif-

icantly increased in the CKD group. The phosphorylation level of

AMPK was significantly increased in CKD group compared to the

control group ( Fig. 4 C). Conversion of LC3-I to LC3-II, a marker of

autophagosome formation [ 37 ] and the expression of cathepsin B, a

lysosomal cysteine protease crucial for intracellular protein in lyso-

somes [ 38 ] were significantly increased in CKD group compared to

the control group. This increase was ameliorated by lactoferrin ad-

ministration ( Fig. 4 C). Taken together, despite decreased BCAA lev-

els with altered BCAA metabolism in skeletal muscle of the CKD

 

group, the mTOR, UPS and autophagy system were irregularly pro-

moted under the CKD condition. This abnormal activation of these

proteolysis pathways in CKD was ameliorated by lactoferrin admin-

istration. These results suggest that lactoferrin administration at-

tenuates uremic sarcopenia. 

3.3. Effect of prophylactic lactoferrin supplementation on gut 

microbiota 

Since lactoferrin administration decreased plasma level of

microbiota-derived uremic toxins, such as indoxyl sulfate, in the

CKD mice ( Fig. 1 C), we examined the impact of lactoferrin sup-
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Fig. 7. Renal failure-induced skeletal muscle atrophy was ameliorated by lactoferrin treatment in advanced CKD model. (A–C) Representative H&E-stained cross-sections of 

quadriceps muscle. The yellow circular line is an example of a round-shaped muscle fiber used for measurements. The number of evaluated cross-sectional area was 30 

myofibers in each sample. (D) Levels of uremic toxins in quadriceps muscle. n = 6 in each group. Data are shown as the mean ± standard error of mean, Tukey-Kramer’s test; 
∗P < .05, ∗∗P < .01, ∗∗∗P < .001. Student’s t-test, † P < .05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

plementation on gut microbiota composition in CKD condition.

The number of identified operational taxonomic units (OTUs) did

not differ among the three groups ( Fig. 5 A). At the phylum level,

Bacillota (formerly Firmicutes ) were significantly increased in the

CKD group compared to the control group, while Bacteroidota

(formerly Bacteroidetes ) remained consistent across three groups

( Fig. 5 B and 5 C). The Bacillota/Bacteroidota ratio, an indicator of

microbiota composition changes [ 39 ]. Bacillota/Bacteroidota ratio

was significantly increased in the CKD group compared to the

control group. At the family and genus level, minor populations

of gut microbiota varied among the groups ( Fig. 5 C). Specifically,

seven species showed significant changes by CKD condition or

lactoferrin supplementation ( Fig. 5 D and E). The relative abun-

dance of Lachnoclostridium, Ruminiclostridium 9, [Eubacterium] xy-

lanophilum group, Desulfovibrio , and Intestinimonas increased in

the CKD group compared to the control group ( Fig. 5 D). Con-

versely, Parasutterella and Bacteroides decreased in the CKD group

( Fig. 5 E). Lactoferrin administration ameliorated these CKD-related

dysbiosis. 
3.4. Effect of lactoferrin supplementation on advanced renal 

impairment 

In addition to the preventive effect, we examined the effect of

lactoferrin on already advanced renal damage. For this purpose,

mice were fed an adenine-containing diet for 6 weeks, followed

by 4 weeks of lactoferrin supplementation ( Fig. 6 A). Both CKD and

lactoferrin-supplemented CKD mice (CKD + Post-Lf group) showed

weight gain after returning to a normal diet, with no significant

differences observed between the two groups (Supplementary Fig.

2A). While the kidney weight was reduced in CKD mice, lacto-

ferrin administration ameliorated this kidney reduction ( Fig. 6 B).

The tubular area in the kidney was also better preserved in the

CKD + Post-Lf group compared to the CKD group ( Fig. 6 C). Regard-

ing inflammation and fibrosis in the damaged kidney, increased

expression levels of inflammatory cytokine and pro-fibrotic genes,

such as Ctgf, Pai1, Tgfb, Col1a1, Col3a1 , and Col4a1 , in the CKD

group were mitigated by lactoferrin administration ( Fig. 6 D). Kid-

ney function parameter, such BUN showed no significant differ-



Y. Iwamoto, S. Yamakoshi, A. Sekimoto et al. / Journal of Nutritional Biochemistry 146 (2025) 110039 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Diagrams depicting the impact of lactoferrin on renal failure and uremic 

sarcopenia. Lactoferrin attenuates the vicious cycle that occurs during renal fail- 

ure via the gut-kidney-skeletal muscle axis inhibiting the inflammation and fibrosis 

signaling in the kidney, suppressing the production of uremic toxins derived from 

intestinal microbiota, and correcting metabolic disturbances in skeletal muscle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sidered. 
ences between CKD and CKD + -Post-Lf at dissection. However, the

change in BUN from 6 weeks to 10 weeks ( �BUN) was greater

in the CKD + Post-Lf group than in the CKD group. In addition,

plasma level of indoxyl sulfate was reduced in the CKD + Post-Lf

group ( Fig. 6 E). Taken together, these findings suggest that lacto-

ferrin treatment attenuated kidney fibrosis and inflammation, even

in the context of advanced renal damage. 

3.5. Lactoferrin supplementation reduced uremic toxin accumulation 

and ameliorated muscle atrophy in advanced kidney disease 

Finally, we evaluated the effects of post-administration of lacto-

ferrin on muscle atrophy in advanced kidney disease by analyz-

ing the morphological structure of the quadriceps muscle ( Fig. 7 A–

C). The cross-sectional area of skeletal muscle was significantly

smaller both in the CKD and the CKD + Post-Lf group compared to

the control group. However, atrophied skeletal muscle, as evalu-

ated by cross-sectional area, was ameliorated by lactoferrin post-

supplementation in advanced kidney disease status. In addition,

the levels of uremic toxins in skeletal muscle were reduced in the

CKD + Post-Lf group ( Fig. 7 D). Metabolomic analysis of the quadri-

ceps muscle was conducted to examine the effect of lactoferrin

on muscle atrophy in advanced kidney disease. Enrichment anal-

ysis highlighted alterations in the biosynthesis pathways of valine,

leucine, and isoleucine, indicating that lactoferrin affects levels of

BCAAs in the skeletal muscle of the CKD group (Supplementary Fig.

4). 

4. Discussion 

In the present study, we investigated the effects of lactoferrin

administration on the progression of CKD and the associated ure-

mic sarcopenia, yielding several important findings. First, lactofer-

rin administration prevents the progression of renal damage by at-

tenuating renal fibrosis and inflammation. Second, lactoferrin ame-

liorated CKD-associated uremic sarcopenia with modulating BCAA

metabolism and abnormal autophagy signaling. Third, lactoferrin

reduced the production of microbiota-derived uremic toxins by

ameliorating dysbiosis, leading to decreased accumulation of ure-

mic toxins in blood and muscle, which contributed to the suppres-

sion of renal damage and sarcopenia progression. Our study indi-

cates the beneficial effects of lactoferrin and provides its mecha-

nistic insight into its role in CKD progression and the associated

uremic sarcopenia. 

In addition to its renoprotective effect, lactof errin ameliorated

muscle atrophy and reduced accumulation of uremic toxins in

muscle in CKD mice. Muscle fiber atrophy is well-recognized in

patients with sarcopenia. Previous reports suggest that uremic tox-

ins accumulate in the muscles of CKD mice, with indoxyl sulfate

contributing to sarcopenia pathogenesis through inflammation, ox-

idative stress, and metabolic alterations [ 14 , 15 ]. Our results sug-

gest that lactoferrin may inhibit uremic sarcopenia progression by

modulating malnutrition and dysbiosis in CKD. The gut microbiota

plays a crucial role in regulating the immune system and main-

taining homeostasis. Recent evidence has highlighted that dysbio-

sis is a significant factor in the pathophysiology of CKD [ 19 ]. In

addition to CKD, effects of lactoferrin on correcting dysbiosis have

been reported in cognitive dysfunction [ 40 ], obesity [ 41 , 42 ], and

inflammatory bowel disease [ 43 ]. In this study, lactoferrin partially

improved dysbiosis in CKD ( Fig. 5 B). Correction of dysbiosis re-

duces accumulation of uremic toxins and CKD-related pathologies

[ 44–46 ]. Therefore, our study suggests that lactoferrin’s inhibitory

effect on CKD and uremic sarcopenia progression may involve its

potential to modulate the microbiota composition and inhibit ure-

mic toxin production. Of note, previous animal studies showed
that lactoferrin is not detected in serum after oral administration,

suggesting that its effects are primarily mediated through interac-

tions within the intestinal tract, with hydrolysis products being ab-

sorbed through the gastrointestinal system [ 47 ]. Therefore, it is as-

sumed that lactoferrin exerts its beneficial effects on the kidneys

and muscles by acting on the intestines and gut microbiota. 

Patients with CKD exhibit abnormal nutritional metabolism, in-

cluding disruptions in BCAA metabolism, which lead to decreased

intracellular BCAA concentrations [ 48 ]. BCAAs are degraded in

skeletal muscle, and this degradation is associated with reduced

intracellular BCAA concentrations. Previous studies have shown

that increased BCAA degradation in skeletal muscle suppresses

protein synthesis via mTORC1, leading to muscle atrophy, and that

BCAA supplementation can suppress muscle atrophy [ 49 ]. In this

study, CKD mice exhibited significant alterations in BCAA degrada-

tion and synthesis pathways, and lactoferrin administration ame-

liorated the reduction in BCAAs in the CKD group. 

Although mTORC1 activation is known to correlate with in-

creased muscle protein synthesis [ 33 ], CKD mice unexpectedly

showed increased mTOR phosphorylation in the CKD group, which

decreased with lactoferrin administration ( Fig. 4 A). Recent stud-

ies indicate that abnormally sustained activation of mTORC1 sig-

naling may recapitulate features of sarcopenia [ 50 ]. Therefore, the

sustained activation of mTORC1 observed in the skeletal muscle

of CKD mice might contribute to muscle atrophy, and this activa-

tion appears to be suppressed by lactoferrin. Previous reports have

demonstrated that AMPK signaling and autophagy are enhanced

in the muscles of CKD mice [ 51 , 52 ]. Our findings suggest that the

suppression of protein degradation via autophagy may also play a

role in preventing the progression of CKD-related sarcopenia, and

that lactoferrin further attenuated this process ( Fig. 4 C). In addi-

tion, the enhancement of autophagy induced by CKD needs to be

confirmed by an autophagy-flux assay, but it is difficult to verify in

vivo, which is the limitation of this study. 

While no serious adverse events clearly associated with lacto-

ferrin have been reported in healthy individuals following high-

dose administration, its administration to patients with kidney dis-

ease has not been investigated, so dosage should be carefully con-
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Ingested lactoferrin is digested by pepsin and trypsin in the

stomach and intestine, respectively, into lactoferricin peptide,

which exhibits antioxidant, immunomodulatory effects [ 16 , 53–56 ].

Given that, lactoferrin was not detectable in the blood in the

present study, its direct action to the kidneys or skeletal mus-

cles is unlikely. Therefore, the protective effects of lactoferrin on

the kidneys and muscles are probably considered to be mediated

indirectly via gut-immune interactions, consistent with the gut-

kidney and gut-muscle axis hypotheses. This study demonstrated

that lactoferrin exhibits effects equivalent to those of nicotinamide,

a vitamin B3 previously reported by our group [ 27 ]. The effect of

lactoferrin against renal impairment differed from that of nicoti-

namide. Therefore, combining nutrients with different mechanisms

of effect may yield synergistic or additive effects against renal im-

pairment, and we plan to conduct further studies in the future. 

In conclusion, lactoferrin attenuates the vicious cycle of CKD

inhibiting inflammation and fibrosis signaling in the kidney, sup-

pressing uremic toxin production derived from gut microbiota, and

correcting metabolic disturbances in skeletal muscle, via the gut-

kidney-skeletal muscle axis ( Fig. 8 ). 
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