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In order to elucidate novel actions of degalactosylated whey protein (D-WP) in comparison with 
intact whey protein (WP), the effects of oral intake of D-WP on peripheral blood telomere length and 
telomerase were examined in young and aged mice. In young mice, peripheral blood telomere length 
was significantly elongated following oral intake of D-WP for 4 weeks. mRNA expression of both 
telomerase reverse transcriptase (TERT) and telomerase RNA component (TERC) was significantly 
increased in the peripheral blood following oral intake of D-WP for 4 weeks. In aged mice, peripheral 
blood telomere length was significantly decreased as compared with that of young mice, and 
significantly restored to the level of young mice drinking water by the oral intake of D-WP for 4 weeks. 
The mRNA expression of peripheral blood TERT and TERC mRNA in aged mice significantly decreased 
as compared with the level in young mice drinking water, and was significantly restored to the level 
of expression of young mice drinking water by oral intake of D-WP for 4 weeks. These results suggest 
that D-WP, but not WP, potently increases peripheral blood telomere length accompanied by increased 
mRNA expression of TERT and TERC in both young and aged mice.
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Whey protein, the liquid remaining after precipitation and removal of milk casein curd during the production of 
cheese, comprises beta-lactoglobulin, alpha-lactalbumin, bovine serum albumin, lactoferrin, immunoglobulins, 
lactoperoxidase enzymes, glycomacropeptides, lactose, and minerals1. Whey protein has immunoregulatory, 
antioxidant, antihypertensive, antitumor, antiviral, hypolipidemic, and antibacterial effects2–10 and is thus now 
recognized as a functional food with nutritional applications and health benefits1,2. Protein glycosylation is 
involved in the induction of multiple biologic activities of peptide hormones, antibodies, lectins, membrane-
bound proteins, collagen, and fibronectin11–19. On the other hand, deglycosylation reportedly converts 
biologically inactive proteins to biologically active proteins20. We recently demonstrated in vivo and in vitro that 
degalactosylated whey protein (D-WP), but not intact whey protein (WP), potently prevents lipopolysaccharide-
induced inflammatory activity in mice, suggesting that deglycosylation enhances the functions of whey protein 
promotes novel biologic effects of the protein21.

Aging organs accumulate senescence cells induced by DNA damage, which results in induction of organismal 
aging and multiple age-related dysfunction22. DNA damage is considered to be mainly attributed to shorten of 
telomere length owing to incomplete lagging-strand DNA synthesis, oxidative damage, exonucleolytic processing 
events and other factors23, because telomeres are essential for chromosome-end integrity (telomere capping) 
and chromosomal stability24. Telomere length is maintained by telomerase, a DNA polymerase that consists 
of an RNA component (TERC) and a catalytic subunit, telomerase reverse transcriptase (TERT), and adds six-
base DNA repeats (TTAGGG) to the telomeric ends of chromosomes25,26. Telomerase activity is detected in 
peripheral blood cells and highly proliferative organs such as the gut, liver, skin, and testis27–29, although it 
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is suppressed or absent in most adult somatic tissues27,30,31. Critically short telomeres can trigger a persistent 
DNA damage response, leading to cellular senescence and/or apoptosis32. Recent clinical data suggest that 
parameters of telomere biology in circulating mononuclear cells are associated with cardiovascular morbidity 
and can be used as indicators for the effects of therapeutic interventions33–35. Moreover, telomere dysfunction in 
peripheral leukocytes is described in psychiatric conditions36. Accelerated telomere shortening and decreased 
telomerase activity are reported in chronically stressed individuals37, mood disorders38, and schizophrenia39,40. 
Interactions of TERT and TERC with shelterin and dyskerin complexes also have important modulatory 
effects on telomere maintenance and elongation23,41. Shelterin complex facilitates the formation of the t-loop to 
shield the exposed chromosome ends of telomeric DNA from DNA damage machinery23,41. The combination 
of shelterin components and a telomere of sufficiently long tract length is essential to protect a chromosome 
end from eliciting DNA damage responses23,41. A telomerase accessory component, dyskerin complex binds to 
TERC is essential for TERC stability and telomerase function23,41. Shelterin complex components are made up 
of six component proteins, such as telomere repeat-binding factor 1 (TRF1), TRF2, repressor/activator protein 
1 (RAP1), TRF1-interacting nuclear protein 2 (TIN2), TIN2-interacting protein 1 (TPP1), and protection of 
telomeres 1 (POT1); and dyskerin complex components comprise dyskerin, NHP2, GAR1, and NOP1023,41.

In order to elucidate novel actions of D-WP in comparison with WP, the effects of oral intake of D-WP on 
peripheral blood telomere length and telomerase were examined in young and aged mice. We also examined 
the effects of D-WP on the mRNA expression of telomerase (TERT and TERC) and the shelterin and dyskerin 
complex components in young mice. Our findings revealed that D-WP, but not WP, significantly increases 
telomere elongation and the mRNA expression of TERT and TERC in the peripheral blood of both young and 
aged mice.

Results
Effects of oral intake of D-WP on peripheral blood telomere length in young mice
Oral intake of D-WP and WP for 2  weeks did not change peripheral blood telomere length in young mice 
[F(2, 33) = 0.25, p > 0.05] (Fig. 1A). Peripheral blood telomere length in young mice was significantly elongated 
following oral intake of D-WP for 4 weeks to 154% of that in the water group, but not after oral intake of WP 
(121% of that in the water group) [F(2, 36) = 6.19, p < 0.01] (Fig. 1B).

Effects of oral intake of D-WP on the mRNA expression of telomerase and their modulatory 
factors in the peripheral blood of young mice
To ascertain the effects of D-WP on peripheral blood telomere elongation, mRNA expression of TERT, TERC, 
and their modulatory factors in peripheral blood was examined in young mice. mRNA expression of TERT was 
significantly increased following oral intake of D-WP for 4 weeks to 180% of that in the water group, but not 
by oral intake of WP (122% of that in water group) [F(2, 25) = 7.39, p < 0.01] (Fig. 2A). In addition, the mRNA 
expression of TERC following oral intake of D-WP for 4 weeks was significantly increased to 148% of that in the 
water group, but not affected by oral intake of WP compared with that in the water group [F(2, 21) = 5.40, p < 0.05] 
(Fig.  2B). Moreover, we examined the effects of D-WP on the mRNA expression of shelterin and dyskerin 

Fig. 1. Effects of oral intake of D-WP and WP on peripheral blood telomere length in young mice. Telomere 
length was examined following oral intake of D-WP and WP for 2 weeks (A) and 4 weeks (B). Results are 
expressed as mean ± SE for 10–12 mice. *p < 0.05, **p < 0.01.
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complex components. The mRNA expression of shelterin complex components, such as TERF2IP, TINF2, TPP1, 
TRF1, and TRF2, was not changed following the oral intake of either D-WP or WP for 4 weeks (Fig. 3A–E). On 
the other hand, the mRNA expression of POT1, a shelterin complex component, was significantly decreased 
following oral intake of both D-WP and WP for 4 weeks to 46% and 56%, respectively, of that in the water group 
[F(2, 17) = 5.65, p < 0.05] (Fig. 3F). mRNA expression of dyskerin complex components, such as DKC1, GAR1 and 
NHP2, was not changed by oral intake of D-WP or WP in mice (Fig. 4A–C).

Effects of oral intake of D-WP on peripheral blood telomere length and the mRNA expression 
of TERT and TERC in aged mice
The peripheral blood telomere length in aged mice was significantly decreased to 79% of that of young mice 
ingesting water [F(2, 24) = 15.04, p < 0.01] (Fig. 5A). The oral intake of D-WP for 4 weeks significantly elongated 
the telomere length in aged mice to the same level as in young mice ingesting water (Fig. 5A). Moreover, the 
mRNA expression of peripheral blood TERT in aged mice was significantly decreased to 90% of that of young 
mice ingesting water, and was significantly restored to the level of young mice by oral intake of D-WP for 4 weeks 
[F(2, 22) = 5.34, p < 0.05] (Fig. 5B). Similarly, the mRNA expression of peripheral blood TERC in aged mice was 
also significantly decreased to 89% of that in young mice ingesting water, and was significantly restored to the 
level of young mice by oral intake of D-WP for 4 weeks [F(2, 26) = 7.32, p < 0.01] (Fig. 5C).

Discussion
Whey protein is considered a functional food with nutritional applications and health benefits. In the present 
study, oral intake of D-WP for 4 weeks by both young and aged mice led to significantly elongated peripheral 
blood telomere length accompanied by a significant increase in the mRNA expression of TERT and TERC. 
While intake of WP also tended to increase the telomere length and the mRNA expression of TERT in the 
peripheral blood of young mice, the increase was not statistically significant. These findings suggest that D-WP 
is a potent functional food/supplement for maintaining and promoting healthy aging.

Telomeres protect chromosome ends from degradation and DNA repair activities and are essential for 
chromosome-end integrity and chromosomal stability24. Telomere maintenance and elongation are regulated 
by telomerase, TERT, and TERC25,26. Recent evidence indicates that telomere biology is a central regulator of 
the aging process on the cellular level42. Short telomeres can trigger a persistent DNA damage response, which 
leads to cellular senescence and/or apoptosis32,43. Mice show significant telomere attrition with age, as reflected 
by a significant decrease in the mean telomere length and a significant increase in the percentage of short 
telomeres, demonstrating that mice undergo telomere shortening in association with the aging process44. The 
present findings demonstrated that D-WP led to significant elongation of peripheral blood shortened telomere 
length and increased the mRNA expression of TERT and TERC in aged mice, indicating that D-WP may have 
beneficial actions on aging processes. On the other hand, in the present study, WP tended, but not significantly, 

Fig. 2. Effects of oral intake of D-WP and WP on the mRNA expression of TERT and TERC in the peripheral 
blood of young mice. mRNA expression of TERT (A) and TERC (B) was examined following oral intake of 
D-WP and WP for 4 weeks. Results were presented as the percentage of the group of water intake (Water). 
Results are expressed as mean ± SE for 6–10 mice. *p < 0.05, **p < 0.01.
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to increase telomere length in young mice, which did not indicate that WP has no action on telomere elongation 
but rather indicates the possibility that WP may elongate telomere length for over 4 weeks of oral intake of WP.

Interestingly, telomere dysfunction in peripheral leukocytes is described in psychiatric conditions36. 
Accelerated telomere shortening and decreased telomerase activity are reported in chronically stressed 
individuals, mood disorders, and schizophrenia37–40. TERT-deficient mice exhibit telomere shortening 
over successive generations45, and a significantly altered anxiety-like behaviors46. Thus, telomere length and 
telomerase activity may be involved in the regulation of several central nervous system functions36. Furthermore, 
clinical data suggest that parameters of telomere biology in circulating mononuclear cells are associated with 
cardiovascular morbidity33–35. In particular, a recent study demonstrated that leukocyte telomere length 
shortening is associated with cardiovascular diseases such as the progression of atherosclerosis47,48. Moreover, 
increasing evidence indicates that telomerase itself is involved in several disorders independent of the regulation 
of telomere length and maintenance. Telomerase regulates endothelial cell growth and survival, and acts as 
an antiapoptotic factor49. Because aging is a predominant and independent risk factor for the development of 
atherosclerotic diseases, the decrease in telomerase associated with aging may be related to the development of 

Fig. 4. Effects of oral intake of D-WP and WP on the mRNA expression of dyskerin complex components in 
the peripheral blood of young mice. mRNA expression of DKC1 (A), GAR1 (B), and NHP2 (C) was examined 
following oral intake of D-WP and WP for 4 weeks. Results were presented as the percentage of the group of 
water intake (Water). Results are expressed as mean ± SE for 5–7 mice.

 

Fig. 3. Effects of oral intake of D-WP and WP on the mRNA expression of shelterin complex components 
in the peripheral blood of young mice. mRNA expression of TERF2IP (A), TINF2 (B), TPP1 (C), TRF1 (D), 
TRF2 (E) and POT1 (F) was examined following oral intake of D-WP and WP for 4 weeks. Results were 
presented as the percentage of the group of water intake (Water). Results are expressed as mean ± SE for 5–7 
mice. *p < 0.05.
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atherosclerotic diseases42. These findings suggest that telomerase has additional functions beyond regulation of 
telomere length and maintenance50. Taken together, it is possible that D-WP may have another beneficial action 
on telomerase-related disorders.

Shelterin complex facilitates the formation of the t-loop to shield the exposed chromosome ends of telomeric 
DNA from DNA damage machinery23,41. The combination of shelterin components and a telomere of sufficiently 
long tract length is essential to protect a chromosome end from eliciting DNA damage responses23,41. A 
telomerase accessory component, dyskerin complex binds to TERC is essential for TERC stability and telomerase 
function23,41. In the present study, the mRNA expression of shelterin and dyskerin complex components was not 
distinctively changed by oral intake of D-WP for 4 weeks, demonstrating that neither shelterin nor dyskerin 
complexes are involved in the elongation of telomere length induced by D-WP. However, in the present study 
mRNA expression of POT1 of the shelterin components was significantly decreased by treatment of both WP 
and D-WP in young mice. Although POT1 was demonstrated to be critical to telomere maintenance and 
telomerase processivity51,52, the effects of D-WP on telomere length elongation are different from those of WP. 
Therefore, further studies will be needed to clarify the reason for decreased mRNA expression of POT1 induced 
by both WP and D-WP.

Telomere elongation induced by oral intake of D-WP may occur via various mechanisms. D-WP may act 
on hematopoietic stem cells to elongate telomere length, and old peripheral blood cells with a short telomere 
length may be supplanted by newly prepared peripheral blood cells with a normal or long telomere length 
over the long-term. Physical exercise for 1–6 months significantly increases telomere length and telomerase 
gene expression, indicating that a long period of time is necessary for telomere length elongation induced by 
physical exercise53,54. Similarly, in the present study, oral intake of D-WP for 4 weeks significantly increased 
telomere length and telomerase mRNA expression. D-WP may directly act on current blood cells with a short 
telomere length to elongate telomere length. In this regard, in mouse thymus cell cultures, telomere length was 
significantly decreased within 3 h after dexamethasone application, and returned to normal telomere length with 
increased telomerase expression 18 h after dexamethasone application55.

The findings of the present study demonstrated that oral intake of D-WP potently induces telomere elongation 
and increases mRNA expression of telomerase genes in both young and aged mice. Although little is known 
about the mechanisms underlying the regulatory effects of D-WP on telomere length and telomerase, these 
findings suggest that D-WP may enhance chromosome-end integrity and chromosomal stability.

Materials and methods
Experimental animals
Male C57BL/6J mice (2 months old) were obtained from CLEA Japan, Inc. (Tokyo, Japan) and housed in plastic 
cages under a 12:12 h light/dark cycle (lights on at 7 am) at room temperature (23 ± 1 °C), with free access to 
water and food (CE-2; CLEA Japan, Inc.). The experiments were started at 3  months and 20–21  months of 
age as young and aged mice, respectively. Mice were randomly divided into three groups of young and aged 

Fig. 5. Effects of oral intake of D-WP on peripheral blood telomere length and the mRNA expression of TERT 
and TERC in aged mice. Telomere length (A) and the mRNA expression of TERT (B) and TERC (C) were 
examined following oral intake of D-WP for 4 weeks. Results were presented as the percentage of the group 
of water intake in young mice (Young: Water). Results are expressed as mean ± SE for 8–10 mice. *p < 0.05, 
**p < 0.01.
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mice, respectively; young mice; water intake (n = 12), D-WP intake (n = 12), and WP intake (n = 12): aged mice; 
water intake (n = 10), D-WP intake (n = 10), and WP intake (n = 10). All animal experiments complied with 
the ARRIVE guidelines and were performed in accordance with the guidelines established by the Institute of 
Laboratory Animal Science Research Support Center at Kagoshima University and approved by the Kagoshima 
University Institutional Animal Care and Use Committee, and in accordance with the guidelines established 
by the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH 
publication No. 80-23, revised in 1996). Every effort was made to minimize the number of animals used and to 
optimize their comfort.

Preparation of D-WP
Whey protein was obtained from Yotsuba Milk Products Co., Ltd. (Sapporo, Japan). The D-WP was prepared by 
Saisei Pharma (Moriguchi, Japan) as described previously56. Briefly, 1 mg of whey protein was dissolved in 1 ml 
of 50 mM sodium phosphate buffer (pH 7.0) and incubated with 65 mU of β-d-galactosidase (from Escherichia 
coli; WAKO Pure Chemical Industries, Ltd., Osaka, Japan) at 37 °C for 1 h. The reaction mixture was heated at 
60˚C for 10 min to inactivate the enzyme. The protein concentrations were determined using a Pierce® BCA 
protein assay kit (Thermo Fisher Scientific Inc., Waltham, MA, USA).

Experimental schedule
Whey protein mixed in drinking water at a concentration of 60 μg/ml was given to mice for 2 and 4 weeks. 
Water was used as the control. Whey protein-mixed water was freshly prepared and changed every 3 days. At 
the end of the experiments, blood samples were collected from the retroorbital vein under isoflurane anesthesia 
using anesthesia apparatus for small animals (MK-AT210D, Muromachi Kikai Co. Ltd., Osaka, Japan) and 
immediately transferred to tubes containing ethylenediaminetetraacetic acid (EDTA; 50  μl of 0.2  M EDTA/
tube)57. Immediately after blood collection, mice were killed by cervical spine fracture dislocation. Blood samples 
for DNA extraction were immediately frozen in liquid nitrogen and stored at -80 °C until assayed. Blood samples 
for RNA extraction were immediately transferred to tubes containing EDTA (10 ml of 0.2 M EDTA/tube) and 
aprotinin (0.1 mg/tube, Merck KGaA, Darmstadt, Germany), and were centrifuged at 3000×g for 5 min at 4 °C. 
The plasma was separated and stored at − 80 °C until assayed.

DNA extraction
The blood DNA was extracted using a PureLink® Genomic DNA Mini Kit (Themo Fisher Scientific Inc., Waltham, 
MA, USA) following the manufacturer’s protocol. DNA samples were diluted to 20 ng/μl with double distilled 
water for the telomere length test.

Telomere length test
Telomere length (TL) was assessed using real-time quantitative polymerase chain reaction (qPCR) according 
to the protocol established by Cawthon39,58. The ratio of telomere repeats length (T) to copy number for a 
single-copy gene (S) was used to indicate TL in each sample. The qPCR for both the telomere and single-copy 
gene was performed separately in duplicate using FastStart SYBR Green Master (Roche Applied Science, Basal, 
Switzerland) on a thermal Cycler Dice Real Time System (TAKARA BIO INC., Shiga, Japan). Primer sequences 
are shown in Table 1. The T and S reactions for each sample were precisely located in the same well position. 
Then, 20 ng of template DNA was added to each reaction well. To amplify telomeres, 600 nM telo1 primer and 
600 nM telo2 primer were used in each reaction. After activating the polymerase at 95 °C for 10 min, the cycling 
parameters for telomere PCR included 30 cycles of denaturation at 95 °C for 5 s, annealing at 59 °C for 60 s, 
and extension at 72 °C for 90 s. The acidic ribosomal phosphoprotein PO gene (36B4) was used as a single-
copy control. To amplify 36B4, 1000 nM 36B4 forward primer and 600 nM 36B4 reverse primer were used in 
each reaction. The cycling conditions for 36B4 included initial denaturation at 95 °C for 10 min, followed by 30 
cycles of denaturation at 95 °C for 5 s, annealing at 58 °C for 15 s, and extension at 72 °C for 15 s. Variations 
between places were controlled by a standard curve method prepared by triple serial dilutions of a reference 
genomic DNA sample ranging from 1.85 to 150 ng (1.85, 5.56, 16.7, 50, 150 ng, referred to as STD1 to STD5, 
respectively). The mean of the correlation coefficient of the standard curves was > 0.99 for both the T and S 
reactions. The inter-plate coefficients of variance of the Ct value for the calibrator sample were 2.83% for T 
and 1.96% for S. DNA samples with a CV > 0.05 between triplicate tests or a Ct value of > 36 were excluded 
from further analysis (n = 2). The T/S ratio was calculated according to the comparative 2−ΔΔCt method, where 
ΔΔCt = ΔCtsample − ΔCtcalibrator sample, ΔCtsample = CtT − CtS, and Ctcalibrator sample = (CtSTD2 + CtSTD3)/259,60.

Primer name Sequence (5ʹ–3ʹ)
Telo1  C G G T T T G T T T G G G T T T G G G T T T G G G T T T G G G T T T G G G T T

Telo2  G G C T T G C C T T A C C C T T A C C C T T A C C C T T A C C C T T A C C C T

m36B4 forward  A C T G G T C T A G G A C C C G A G A A G

m36B4 reverse  T C A A T G G T G C C T C T G G A G A T T

Table 1. Primers used to determine telomere length.
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Quantitative real-time reverse transcription-PCR
Although it is recognized that examination of protein levels and enzyme activity assays is appropriate for 
conformation of expression of TERT, TERC and its related other regulatory factors, several previous reports 
have been demonstrated that telomere length is correlated with mRNA expression of TERT, TERC and its related 
other regulatory factors61,62. Therefore, mRNA expression was examined in this study to evaluate correlation 
between telomere length and these factors. The mRNA levels were measured by quantitative real-time reverse 
transcription-PCR57. The blood RNA was extracted using NucleoSpin® RNA Blood (TAKARA BIO INC.), and 
cDNA was synthesized from total RNA samples using a Verso cDNA Synthesis Kit (Thermo Fisher Scientific Inc.). 
The PCR was performed in duplicate using FastStart SYBR Green Master (Roche Applied Science) on a thermal 
Cycler Dice Real Time System (TAKARA BIO INC.). Primer sequences are shown in Table 2. All gene-specific 
mRNA expression values were normalized against the internal housekeeping gene glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). The reaction conditions for all primers were as follows: initial denaturation at 95 °C 
for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s, and annealing and extension at 60 °C for 30 s. 
As shown in Supplementary Fig. 1, the threshold cycle (Ct) value of GAPDH mRNA in each PCR experiment 
was not different between treated groups.

Statistical analysis
Data are expressed as mean ± SEM. Statistical analysis of the data was performed by ANOVA followed by the 
Tukey–Kramer test. Statistical significance was defined as P < 0.05.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 12 June 2024; Accepted: 27 November 2024

Primer name Sequence (5ʹ–3ʹ)
Telomerase

 TERT
F  T G G G T C T C C C C T G T A C C A A A T

R  G G C C T G T A A C T A G C G G A C A C A

 TERC
F  C T G T T T T T C T C G C T G A C T T C C A

R  G A G C T C C T G C G C T G A C G T T T G T

Shelterin complex

 TERF2IP
F  T G C C T T G T G G A A A G C G A T G

R  T G T T C T G T G G C T C T C C G C T A T

 TINF2
F  T C G G T T G C T T T G C A C C A G T A T

R  G C T T A G C T T T A G G C A G A G G A C

 TPP1
F  G A G T C T C A C T T T T G C G C T G A A

R  C T C C A G G G T T A G G T A C T T T C C A

 TRF1
F  C C G A G G A C T T T C G T C G T A C T C

R  C T T T C C A G A T G C A A C T C T T G T C A

 TRF2
F  T C T A A G G A C C C C A C A A C T C A G

R  T C T C T A G G A A A C G C A G C A T C

 POT1
F  G G T T T C A A C A G C T C C C T A T A C

R  A G G G C T T C A T A G T T T C C A C T

Dyskerin complex

 DKC1
F  A A A G A C C G G A A G C C A T T A C A A G

R  G C C A C T G A G A A G T G T C T A A T T G A

 GAR1
F  G A A C G T G T C G T C T T G T T A G G A G

R  A G T A A A C A G G G G C G T T G A A G T

 NHP2
F  C A T T G C C G A T T G A G G T G T A C T

R  G T C C G T C T T A G A G G G G A T G T A G

House-keeping gene

 GAPDH
F  T G C A C C A C C A A C T G C T T A G C

R  G G A T G C A G G G A T G A T G T T C T G

Table 2. PCR primers used to determine mRNA expression.
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