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Summary

Here, we show that a small-molecule activator of telomer-

ase (TA-65) purified from the root of Astragalus membra-

naceus is capable of increasing average telomere length

and decreasing the percentage of critically short telo-

meres and of DNA damage in haploinsufficient mouse

embryonic fibroblasts (MEFs) that harbor critically short

telomeres and a single copy of the telomerase RNA Terc

gene (G3 Terc+ MEFs). Importantly, TA-65 does not

cause telomere elongation or rescues DNA damage in sim-

ilarly treated telomerase-deficient G3 Terc littermate

MEFs. These results indicate that TA-65 treatment results

in telomerase-dependent elongation of short telomeres

and rescue of associated DNA damage, thus demonstrat-

ing that TA-65 mechanism of action is through the telo-

merase pathway. In addition, we demonstrate that TA-65

is capable of increasing mouse telomerase reverse trans-

criptase levels in some mouse tissues and elongating criti-

cally short telomeres when supplemented as part of a

standard diet in mice. Finally, TA-65 dietary supplementa-

tion in female mice leads to an improvement of certain

health-span indicators including glucose tolerance, osteo-

porosis and skin fitness, without significantly increasing

global cancer incidence.

Key words: telomerase activation; TA-65; telomere

length; aging; mouse.

Introduction

Progressive attrition of telomeres is one of the best understood

molecular changes associated with organismal aging in humans

(Harley et al., 1990) and in mice (Flores et al., 2008). Telomeres

are specialized structures at the ends of chromosomes, with an

essential role in protecting the chromosome ends from fusions

and degradation (Blackburn, 2001; de Lange, 2005). Mamma-

lian telomeres consist of TTAGGG repeats bound by a six-protein

complex known as shelterin (de Lange, 2005). A minimum

length of TTAGGG repeats and the integrity of the shelterin

complex are necessary for telomere protection (Blackburn,

2001; de Lange, 2005). Telomerase is a cellular reverse trans-

criptase (TERT, telomerase reverse transcriptase) capable of

compensating telomere attrition through de novo addition of

TTAGGG repeats onto the chromosome ends by using an associ-

ated RNA component as template (Terc, telomerase RNA com-

ponent) (Greider & Blackburn, 1985). Telomerase expression

can be detected in a number of adult cell types, including

peripheral lymphocytes and adult stem cell compartments; how-

ever, this is not sufficient to maintain telomere length with age

in most human and mouse tissues (Blasco et al., 1997; Harley,

2005; Flores et al., 2008). Further supporting the notion that

telomerase levels may be rate-limiting for organismal aging,

some diseases characterized by premature loss of tissue renewal

and premature death, such as dyskeratosis congenita, aplastic

anemia and idiopathic pulmonary fibrosis, are linked to germline

mutations in Tert and Terc genes, which result in decreased telo-

merase activity and accelerated telomere shortening (Mitchell

et al., 1999; Vulliamy et al., 2001; Yamaguchi et al., 2005;

Armanios et al., 2007; Tsakiri et al., 2007). A role for telomerase

in tissue renewal and organismal lifespan is also supported by

telomerase-deficient (Terc) ⁄ )) mice (Blasco et al., 1997). These

mice show progressive telomere shortening from the first gener-

ation (G1) until the third (G3) or fourth (G4) generation when in

a pure C57BL6 background by which stage they present criti-

cally short telomeres, defective stem cell proliferative capacity,

infertility because of germ cell apoptosis and increased genomic

instability (Blasco et al., 1997; Herrera et al., 1999; Flores et al.,

2005). We and others have shown that restoration of telomer-

ase activity in these mice, by reintroduction of one copy of the

Terc gene, rescues critically short telomeres and reverses chro-

mosomal instability and cell and tissue defects associated with

late-generation telomerase deficiency, including rescue of stem

cell dysfunction and of organismal lifespan (Hemann et al.,

2001a; Samper et al., 2001a; Siegl-Cachedenier et al., 2007).

These studies illustrate that telomerase is preferentially recruited

to the shortest telomeres, similarly to that shown for budding

yeast (Teixeira et al., 2004), thereby ensuring chromosomal sta-

bility and tissue fitness. Importantly, these findings also sug-

gested that therapies aimed to re-activate telomerase and
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Fig. 1 TA-65 rescues short telomeres in a telomerase-dependent manner. (A) Scheme of mouse crosses. (B) Telomerase activity was measured in mouse

embryonic fibroblasts (MEFs) extracts grown in the presence or absence of TA-65 for 24 h and 5 days. The indicated concentrations of TA-65 were tested.

A cellular extract from HCT116 cells was included as a positive control, and RNase was added in all experimental settings as negative control. IC, PCR efficiency

control. (C) Quantification of telomere repeat amplification protocol assay values is expressed in fold changes of TA-65-treated cells compared to DMSO-treated

controls. At least four independent experiments were used per condition. The mean amounts of telomerase activity and error bars (standard deviation) in the

different experimental settings are shown. One-way ANOVA was used for statistical analysis. (D, E) Telomere fluorescence determined by Quantitative telomere

fluorescence in situ hybridization on MEFs from the indicated genotypes grown in different concentrations of TA-65. Histograms represent the frequency of

telomere fluorescence in Kb per telomere dot from a total of 50 nuclei, representing at least 650 telomeric dots per genotype. The red line indicates telomeres

presenting < 20 kb of size. (F, G) Comparison of the percentage of ‘signal-free’ ends and short telomeres (< 8 kb) in control DMSO-treated MEFs of different

genotypes. Student’s t-test was used for statistical comparisons. (H) Comparison of the percentage of ‘signal-free’ ends and short telomeres (< 8 kb) between

MEFs of different genotypes. Student’s t-test was used for statistical comparisons. (I) Mean c-H2AX immunofluorescence (green) per nucleus of MEFs of the

indicated genotype, in the presence or absence TA-65 treatment for 5 days (DAPI in blue; at least 200 nucleus were scored per condition). Quantitative image

analysis was performed using the Definiens Developer Cell software (version XD 1.2; Definiens AG). (J) Representative immunofluorescence images showing the

c-H2AX (green) and nucleus staining (DAPI - Blue), in the indicated genotypes.
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elongate short telomeres with age could have significant anti-

aging effects. In this regard, we recently demonstrated that

enhanced telomerase activity in mice overexpressing TERT is able

to delay aging and extent the median lifespan by 40%, when

combined with increased cancer resistance (Tomas-Loba et al.,

2008).

Here, we report on our initial findings on the mechanism of

action of TA-65, a small-molecule telomerase activator derived

from an extract of a plant commonly used in traditional Chinese

medicine, Astragalus membranaceous. TA-65 was identified in

an empirical screen based on its ability to upregulate basal telo-

merase activity levels in neonatal human keratinocytes and has

been studied in humans as a dietary supplement (Harley et al.,

2010) leading to a decline of senescent and natural killer cells

together with a significant reduction in the percentage of cells

with short telomeres. Telomerase activation data and functional

studies on a related molecule from this plant have been recently

reported (Fauce et al., 2008). In that study, human immune cells

were exposed ex vivo to the activator, and this resulted in signifi-

cant telomere elongation and enhanced proliferative capacity of

these cells. Here, we demonstrate that TA-65 is capable of

increasing telomerase activity and elongating critically short

telomeres in a telomerase-dependent manner in mouse embry-

onic fibroblasts (MEFs) haploinsufficient for the telomerase RNA

component and in vivo, when supplemented as part of a stan-

dard diet in mice. We also report initial findings on the outcomes

of a TA-65 dietary supplementation in female mice, and how it

leads to an improvement of certain health-span indicators.

Importantly, treatment with TA-65 did not show any detectable

negative secondary effects, including no increase in the inci-

dence of cancer.

Results

TA-65 stimulates telomerase activity and leads to

telomerase-dependent elongation of short telomeres

and rescue of DNA damage in MEF haploinsufficient

for the telomerase RNA component

TA-65 has been identified as an effective telomerase activator in

human immune cells, and neonatal keratinocytes and fibroblasts

(Fauce et al., 2008; Harley et al., 2010). To delineate whether

TA-65 could also have an impact on telomerase-dependent

telomere extension, we tested its capacity to affect the length of
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Fig. 1 Continued.
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the shortest telomeres, which are the known preferred sub-

strates of telomerase (Bianchi & Shore, 2007; Sabourin et al.,

2007), in an ex vivo model haploinsufficient for telomerase. To

this end, we crossed Terc+ ⁄ ) female mice with G2 Terc) ⁄ ) male

mice to generate littermate populations of MEFs that were

either G3 Terc) ⁄ ) or G3 Terc+ ⁄ ) (hereafter referred to as G3

Terc) ⁄ ) or G3 Terc+ ⁄ ) MEFs, respectively). The G3 progeny of

these crosses inherit a set of chromosomes with short telomeres

from the male Terc) ⁄ ) parent and a set of chromosomes with

normal telomeres from the female Terc+ ⁄ ) parent (Fig. 1A,

scheme). Noteworthy that only the G3 Terc+ ⁄ ) progeny will

inherit a copy of the Terc gene and, thereafter, is telomerase

proficient (Fig. 1A). Using a telomere repeat amplification proto-

col assay (TRAP), we confirmed that reintroduction of the Terc

allele successfully reconstituted telomerase activity in G3 Terc+ ⁄ )

cells, while G3 Terc) ⁄ ) littermates persisted telomerase negative

(Figs 1B and S1). Importantly, 10 lM of TA-65 significantly

increased telomerase TRAP activity at 24 h post-treatment in G3

Terc+ ⁄ ) MEFs haploinsufficient for the telomerase RNA compo-

nent, and this effect was lost 5 days post-treatment (Figs 1B,C

and S1), possibly owing to fast kinetics of the compound or to

the existence of negative feedback mechanisms. The observed

telomerase stimulation is consistent with previous results with

human keratinocytes (Harley et al., 2010). These results
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demonstrate that TA-65 is capable of activating telomerase by

approximately 2-fold in primary MEFs haploinsufficient for telo-

merase activity.

The absence of telomerase in MEFs leads, among other phe-

notypes, to an increase in the percentage of short telomeres and

‘signal-free ends’ and the correlated appearance of chromo-

somal instability (Blasco et al., 1997; Herrera et al., 1999;

Samper et al., 2001a; Cayuela et al., 2005). By using the quanti-

tative telomere fluorescence in situ hybridization (Q-FISH) assay,

we could observe that control telomerase reconstituted G3

Terc+ ⁄ ) cells treated with 0.1% DMSO3 present a significant

decrease in ‘signal-free’ ends (12.3–4.8%; Fig. 1D–H) and criti-

cally short telomeres (telomeres with < 8 kb length) compared

to similarly treated G3 Terc) ⁄ ) littermates (12.8–5.4% Fig. 1D–

H). Treatment of telomerase-proficient G3 Terc+ ⁄ ) cells with TA-

65 during 5 days at concentrations of 1 or 10 lM resulted in an

additional decrease in the percentage of ‘signal-free ends’ to

1.6% and 2.9%, and short telomeres to 1.9% and 3.3%,

respectively, compared to their control situation (0.1% DMSO)

(Fig. 1D,F). In marked contrast, TA-65-treated G3 telomerase-

deficient Terc) ⁄ ) littermate MEFs presented similar number of

short telomeres or ‘signal-free ends’ confirming the telomerase-
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Fig. 2 TA-65 treatment of mice leads to increased TERT expression in vivo. (A) Scheme of the TA-65 treatment plan. (B) Fold change in mouse telomerase reverse

transcriptase (mTERT) mRNA levels in different tissues from TA-65-treated mice of the 2-year-old group compared to untreated controls at 3 month post-

treatment. mTERT mRNA values were normalized to actin. Student’s t-test was used for statistical comparisons. (C) Fold change in mTERT protein levels in liver

extracts from 2-year-old mice treated or not with TA-65 (NS: nonspecific band) using an mTERT antibody previously validated by us (Martinez et al., 2010)). As

controls, mTERT protein expression is detected in wild-type mouse embryonic fibroblasts (MEFs) but not in TERT) ⁄ ) MEFs (Liu et al., 2000). Quantification of

mTERT expression is presented in the right panel (fold changes in TERT levels compared to the values obtained in the control situation (without TA-65)). The

quantification was made with Scion Image Software. Student’s t-test was used for statistical comparisons. (D) Fold change in JunB mRNA levels at 3 months post-

treatment in different tissues from 2-year-old TA-65-treated mice compared to age-matched untreated controls. JunB mRNA values were normalized to actin.

(E) Fold change in c-Myc mRNA levels 3 months post-treatment in different tissues of 2-year-old TA-65-treated mice compared to age-matched untreated

controls. c-Myc mRNA values were normalized to actin. Student’s t-test was used for statistical comparisons. (F) Percentage of c-Myc-positive cells, quantified from
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C
O
L
O
R

TA-65 elongates short telomeres and increases health span of adult ⁄ old mice 1, B. B. de Jesus et al.

ª 2011 The Authors
Aging Cell ª 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland

5

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55



dependent mechanism of action of TA-65 (Fig. 1E,G). Addition-

ally, a significantly increased average telomere length was

observed in G3 Terc+ ⁄ ) cells when treated with 10 lM of TA-65

(37.87–42.68 kb, Fig. 1D). The presence of short or uncapped

telomeres results in higher cellular levels of gamma-H2AX, an

indicator of activation of a DNA damage response (Martinez

et al., 2010). In line with this, control G3 Terc) ⁄ ) MEFs showed

higher levels of nuclear gamma-H2AX compared to G3 Terc+ ⁄ )

cells (Fig. 1I and representative image in Fig. 1J). Interestingly,

TA-65 treatment at the 10-lM dose decreased the levels of

nuclear gamma-H2AX specifically in telomerase-proficient G3

Terc+ ⁄ ) cells but not in telomerase-deficient G3 Terc) ⁄ ) MEFs,

demonstrating that the beneficial effects of TA-65 treatment on

preventing DNA damage are dependent on telomerase activity

(Fig. 1I,J).

Together these results suggest that the mechanism of action

of TA-65 in its capability to decrease the percentage of short

telomeres, of ‘signal-free ends’, as well as of DNA damage,

requires the presence of an active telomerase complex.

Dietary supplementation of TA-65 increases TERT

expression in some tissues and rescues short

telomeres in mice

Telomere attrition and the accumulation of short telomeres are

parallel to the aging process in humans and mice, being a proba-

ble cause of the appearance of age-related pathologies (Harley

et al., 1990; Canela et al., 2007; Jiang et al., 2008; Calado &

Young, 2009). Short telomeres are therefore both an indicator

and a possible cause of health-span decay with age either in

humans and mice. Following the above-described results with

MEFs, we set to address whether a dietary supplementation

with TA-65 could similarly lead to detectable changes on telo-

mere dynamics in vivo. To this end, we fed two cohorts of
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mature or old female mice (1 or 2 years old, respectively) with

control vehicle (fruit mash) or vehicle plus TA-65 (final concen-

tration of 25 mg kg)1 body weight ⁄ day) for 4 months (scheme

in Fig. 2A, and detailed information in Methods). Treated mice

demonstrated a complete tolerance to the administration of the

vehicle or vehicle+TA-65 as no deaths or other overt pathologies

related to treatment were observed during this period. In line

with this, body weight was maintained and comparable

between the different mouse cohorts throughout the treatment

period (Fig. S2).

It has been previously described that treatment of CD8+ T lym-

phocytes with a similar telomerase activator compound (TAT2)

leads to an 8-fold increase in human telomerase reverse trans-

criptase mRNA levels (Fauce et al., 2008). To follow the effects

of TA-65 dietary supplementation in vivo, we examined mouse

telomerase reverse transcriptase (mTERT) mRNA levels in differ-

ent tissues from the 2-year-old TA-65-treated or control cohorts

at 3 months post-treatment. Notably, TA-65 treatment of

2-year-old mice resulted in a significant 10-fold increase in

mTERT mRNA (Fig. 2B) and protein (Fig. 2C) levels in the liver as

determined 3 month post-treatment. Mouse telomerase reverse

transcriptase mRNA levels were also modestly increased in other

tissues from these mice including kidney, lung and brain,

although these increases did not reach statistical significance

(Fig. 2B). Of note, the same patterns were observed in the

1-year-old mouse cohort (Fig. S3A). Interestingly, increased lev-

els of mTERT in the liver of both 1- and 2-year-old TA-65-treated

mice correlated with an increase in mRNA levels of JunB (Figs 2D

and S3A) and c-Myc (Figs 2E and S3A), two transcription factors

regulated by the MAPK4 pathway (Gupta et al., 1993; Lefloch

et al., 2008), which is a known potential mediator of TA-65

action (Fauce et al., 2008). Higher levels of c-Myc in the liver

were confirmed by IHC5 in the 2-year-old group of mice, at the

time of death (Fig. 2F,G). Of note, TA-65 did not altered signifi-

cantly the levels of targets of the Wnt (CD44 and CyclinD1) or

TGFb (Fibronectin, Klf4, or p16) pathways (Fig. S4), further sup-

porting that TA-65-dependent telomerase activation occurs

through transcription factors regulated by the MAPK pathway,

which may directly or indirectly regulate the mTERT promoter

[hypothetical mechanism in Fig. 2H, based on our current find-

ings and previous results (Wang et al., 1998; Greenberg et al.,

1999; Chang & Karin, 2001; Inui et al., 2001; Takakura et al.,

2005; Pericuesta et al., 2006)].

To address the in vivo effect of TA-65 treatment on telomer-

ase-mediated telomere elongation, we measured telomere

length in blood samples from the 1- and 2-year-old controls and

TA-65-treated groups, 3 months after the dietary supplementa-

tion period ending. Telomere length was assessed from periph-

eral blood leukocytes by using a high-throughput (HT) Q-FISH

technique optimized for blood samples (Canela et al., 2007).

Average telomere length was not significantly increased in the

1- or 2-year-old TA-65-treated groups compared to the

untreated controls (Fig. 3A,C). Interestingly, we observed a sig-

nificant decrease in very short telomeres (telomeres below 2, 3

and 4 kb, Fig. 3B,D) in the 1- and 2-year-old TA-65-treated

groups at 3 months post-treatment, indicating a significant and

consistent capacity of TA-65 to promote rescue of short telo-

meres both in vitro (MEFs) and in vivo (mice). A similar scenario

has been previously described in a study assessing the role of

TA-65 in humans, where a reduced percentage of cells with

short telomeres appeared concomitant with minimal effects in

the mean telomere length (Harley et al., 2010).

TA-65 treatment enhances health span in female

mice

Previous studies have demonstrated that the shortest telomeres

are causal of reduced cell viability (Hemann et al., 2001b; Hao

et al., 2005) and that a stable and enforced expression of telo-

merase leads to an improved health span, accompanied by an

extension of lifespan, possibly through the rescue of short telo-

meres in mice (Tomas-Loba et al., 2008). As TA-65 influences

the percentage of cellular short telomeres through the activation

of telomerase, we were interested in addressing whether this

compound could have an impact on health and ⁄ or lifespan in

the treated mice.

The aging process can be evaluated by studying some of the

so-called biomarkers of aging. One established indicator of

aging in mice is glucose intolerance and insulin resistance, which

increase with age (Bailey & Flatt, 1982; Guarente, 2006). Impor-

tantly, TA-65 administration during 4 months significantly

improved the capacity to uptake glucose after a glucose pulse

(area under the curve) in the 1-year-old treated mice compared

to the control groups at 6 and 12 months post-treatment

(Fig. 4A,D; Methods). Furthermore, 1-year-old TA-65-treated

mice presented a tendency to show lower levels of blood insulin

6 months post-treatment which, together with the glucose lev-

els at fasting, resulted in a tendency to have a better homeosta-

sis model assessment of insulin resistance (HOMA-IR) score at

6 months post-treatment (Fig. 4B,C) (Heikkinen et al., 2007).

Of note, although we observed a better glucose uptake at

12 months post-treatment with TA-65 in the 1-year-old group

(Fig. 4D), this was not accompanied by lower basal insulin levels

or by a better HOMA-IR score; a similar situation was observed

6 months post-treatment in the 2-year-old TA-65-treated group

(Fig. 4E–I). These findings may suggest that a discontinued

TA-65 intake could result in an attenuation of some health-span

improvements [a situation in agreement with previous observa-

tions (Fauce et al., 2008)], and ⁄ or that old mice are less refrac-

tory to TA-65 treatment.

Liver steatosis is caused by lipid accumulation within hepato-

cytes both in humans and in mice. Despite being a relatively

benign condition, when combined with inflammation it may

progress to serious liver disease (Feldstein et al., 2003; Higuchi

& Gores, 2003). Although mouse liver steatosis models involve

usually intake of a high-fat diet (and subsequent diet-induced

obesity) (Pfluger et al., 2008), this condition may also occur in

aged mice under standard diet conditions (Kelder et al., 2007).

As expected, lipid droplets were found in liver sections of both

control and TA-65-treated mice at the time of death (Fig. 4J).
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Interestingly, control mice presented the strongest accumulation

of fat in the liver at older ages comparing to the TA-65-treated

cohorts, which, together with the previous results, could indi-

cate a liver protective action of TA-65 (Fig. 4J).

Other well-established biomarkers of aging are the loss of the

epidermal and subcutaneous adipose skin layers (Shimokata

et al., 1989; Tomas-Loba et al., 2008). The weakness of the skin

barrier associates with infections and deficient water exchange.

TA-65 treatment resulted in a significant increase in subcutane-

ous fat content and epidermal layer in the 1-year-old group of

mice (Fig. 5A,C and representative image in Fig. 5B), but did not

significantly change these parameters in the 2-year-old groups

(Fig. 5A,C), compared to the untreated controls. In line with an

improved epithelial fitness, TA-65 treatment increased the

in vitrowound-healing capacity of keratinocytes (Fig. 5D) as well

as significantly accelerated hair regrow in vivo upon plucking of

old mice (Fig. 5E and representative image in Fig. 5F). Moreover,

the epidermis of TA-65-treated mice showed significantly more

proliferating cells (Ki67-positive cells; Fig. 5G and representative

image in Fig. 5H) together with significantly reduced numbers of

TUNEL-positive apoptotic cells (Fig. 5I and representative image

at Fig. 5J). Similar results were obtained in the lung (Fig. S5A–D)

but not in the liver (Fig. S5E–H), suggesting that the capacity of

TA-65 to stimulate proliferation in vivomay be tissue-dependent.

Bone loss, which results from the imbalance between osteo-

clast and osteoblasts, is also a common finding with increasing

age both in mice and in humans, leading to age-related bone

fragility (Ferguson et al., 2003). Bone density was improved in

the 2-year-old TA-65-treated group compared to their controls

without TA-65 supplementation (measurements at the time of

death, Fig. 5K).

Previous findings demonstrated that TA-65 uptake leads to

significant changes in blood or immune parameters in humans

(Fauce et al., 2008; Harley et al., 2010). Table 1 summarizes the

haematological analysis of either 1- and 2-year-old control mice

compared to TA-65-treated groups. Although no significant dif-
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ferences were observed in the 1-year-old group, we could

observe significant differences in the level of red blood cells

(RBC), hemoglobin, and platelets in the TA-65-treated 2-year-

old group compared to age-matched cohorts. The absence of

differences in the 1-year-old group could be because the blood

analysis was performed at the time of death, which occurred
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much after the treatment period in the 1-year-old group, where

the effect of TA-65 has been already partially lost.

These results demonstrate that TA-65 per se can modestly but

significantly enhance overall organ fitness of both mature

(1 year old) and old (2 years old) female mice.

TA-65 intake does not impact on mean or maximum

longevity of female mice

The known impact of telomerase in aging and cancer lead us to

address whether TA-65 supplementation could have any benefi-

cial or undesirable effects on mouse survival and cancer

incidence, respectively. Recent evidences demonstrate that

enforced expression of telomerase either from the germline

(together with enforced expression of tumor suppressors) or

ectopically in adult ⁄ old mice leads to a significant extension of

both mean and maximum lifespan [(Tomas-Loba et al., 2008)

and unpublished data 6].

Analysis of the Kaplan–Meier survival curves of control vs.

TA-65-treated female mice demonstrated no significant effects

of TA-65 intake on survival (Fig. 6A,B). Accordingly, TA-65

administration for 4 months did not change statistically themean

or maximal lifespan of female mice under our experimental

conditions.
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TA-65 intake does not increase cancer incidence

A disadvantage of mTERT potentiation could be associated with

its capacity to favor the proliferation of cancerous cells in murine

models (Gonzalez-Suarez et al., 2001; Artandi et al., 2002;

Canela et al., 2004; McKay et al., 2008; Tomas-Loba et al.,

2008; Rafnar et al., 2009). To address whether TA-65 supple-

mented diet had undesirable long-term side effects, we per-

formed a pathological analysis of all female mice under

treatment and controls at the time of death. We observed that

TA-65-treated mice presented a similar incidence of malignant

cancers at the time of death, with a tendency to show decreased

sarcomas and slightly increased lymphomas (Fig. 6C,D). More-

over, although we observed an increased incidence of cancer in

the liver of TA-65-treated mice (were TA-65 treatment resulted

in a 10-fold increase in TERT expression) compared to control

mice, these differences did not reach statistical significance

(Fig. 6D).

Discussion

Strategies to extend healthspan conditions with lifetime exten-

sion have been the target of scientific investigation for decades.

From the preliminary studies describing the effects of caloric

restriction, which evolve to detailed characterizations of path-

ways and potential targets resulting in recent conceivable treat-

ments, the outcome has been continually focused in a healthier

organismal living (Guarente & Kenyon, 2000; Hayflick, 2000;

Kirkwood & Austad, 2000; Kenyon, 2010).

Here, we characterize a small-molecule compound (TA-65)

extracted from the roots of a medicinal Chinese plant used,

among other things, to ‘protect’ the immune system or ‘pre-

serve’ the liver (Shen et al., 2006; Clement-Kruzel et al., 2008;

Mao et al., 2009). We demonstrate here that TA-65 leads to a

significant rescue of short telomeres through telomerase activa-

tion in MEFs haploinsufficient for the telomerase RNA compo-

nent. Indeed, TA-65 treatment increases proliferation and

mobilization potential of mouse keratinocytes in vitro, a situa-

tion mimicking telomerase overexpression (Greider, 1998; Cer-

ezo et al., 2003). Recently, Fauce et al. (2008)demonstrated

that TAT2, a similar molecule, have beneficial effects in the acti-

vation of CD8+ T lymphocytes from HIV-infected patients where

they observe an increase in the proliferative potential and

enhancement of cytokine ⁄ chemokine production.

The use of TA-65 as a treatment to improve health span in

humans has been tested in past few years, where subjects took

Table 1 Values for relevant blood ⁄ immune variables among TA-65-treated and controls, in both aged cohorts

Blood ⁄ Immune

variables

Control 1 year

old (time of death)

TA-65 1 year

old (time of death) t-test

Control 2 years

old (time of death)

TA-65 2 years

old (time of death) t-test

WBC, 109 L)1 7.4 5.4 0.1 8.1 4.5 * 25

LYM, % 49.6 50.0 n.s. 41.4 36.9 n.s.

MI, % 2.5 4.7 n.s. 6.8 4.2 n.s.

GR, % 47.9 44.9 n.s. 51.7 62.2 n.s.

RBC, 1012 L)1 7.1 7.1 n.s. 4.8 6.3 **

HGB, g dL)1 10.1 10.0 n.s. 7.6 9.2 **

HCT, % 24.3 23.9 n.s. 21.5 26.6 **

PLT26 , 109 L)1 354 289 n.s. 292 587 *
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Fig. 6 Dietary supplementation of TA-65 has no

effect on lifespan in female mice. (A, B) Survival

curves of the indicated control of TA-65-treated 1-

and 2-year-old mouse cohorts. Alive mice are

plotted as a vertical line. The Log rank test was

used for statistical analysis. (C) Percentage of mice

with the indicated tumor at their time of death. [*

Of note that 100% (two mice) and 33% (one mice)

of the mice presenting adenomas also present

lymphomas in the control and TA-65 situations,

respectively]. (D) Percentage of cancer penetrance

(histiocytic sarcomas and lymphomas) in the liver of

the indicated mice cohorts.
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part in an open label comprehensive dietary supplementation

program, which included a TA-65 dose of 10–50 mg daily (Har-

ley et al., 2010). Report analysis of the first treatment year has

been recently released, demonstrating high tolerability and

some beneficial effects in humans after treatment periods rang-

ing from 3 to 12 months (Harley et al., 2010). We have now

assessed the specific effects of TA-65 in a blinded study of two

cohorts of 1-year-old (mature) or 2-year-old (old) female mice

where an adjusted dose of TA-65 was administrated daily for

4 months. Similar to humans, TA-65 treatment in mice resulted

in a similar rescue of short telomeres in leukocytes at 3 month

post-treatment. Interestingly, we observed that, at least in mice,

the liver is one of the main targets of TA-65 treatment, where it

leads to a > 10-fold increase in TERT RNA levels compared to

nontreated age-matched cohorts. Furthermore, this increase in

mTERT mRNA levels is accompanied by increased c-Myc and

JunB mRNA levels. These results enforce the previous idea that

TA-65 regulates telomerase at the transcription level, probably

through the regulation of the MAPK pathway (Fauce et al.,

2008). Whether or not TA-65 could regulate post-transcription-

ally the levels of telomerase in the liver or other tissues has not

been assessed here or elsewhere, although this is improbable in

the case of mouse telomerase because some mTERT post-trans-

lational modifications such as phosphorylation is mediated

through the AKT7 pathway, which seems not to be influenced by

TA-65 (Kang et al., 1999; Gomez-Garcia et al., 2005; Fauce

et al., 2008).

We further show here that TA-65-dependent telomerase

activation results in a better organ fitness as demonstrated by

the improved scores at the glucose tolerance test. These

enhancements could be related to the TA-65-dependent ERK8

pathway activation in the liver and subsequent telomerase

expression, which have been shown to mediate the glucose

tolerance and insulin response (Tomas-Loba et al., 2008).

Moreover, ERK signal is silenced by the activation of the p38

MAPK, which responds to external damage signals arising usu-

ally with aging progression and oxidative damage accumula-

tion, and result in age-related insulin insensitivity and glucose

intolerance (Kyriakis & Avruch, 2001; Au et al., 2003; Li et al.,

2007; Bluher et al., 2009). TA-65-supplemented mice also

present modest but significant enhancement of the subcutane-

ous and epidermal thickness, as well as higher bone density,

representative of an overall fitness status improvement. A simi-

lar situation has been previously observed in mice overexpress-

ing the telomerase catalytic subunit (Tomas-Loba et al., 2008).

Analysis of the blood parameters also demonstrated that 2-

year-old TA-65-treated mice present higher levels of RBC and

hemoglobin compared to the control cohorts. The decrease in

such parameters is a regular situation experienced during

aging progression in healthy old mice and could be related to

RBC fragility and deficient regulation of the stem cell pools

(Ewing & Tauber, 1964; Finch & Foster, 1973; Tyan, 1980,

1982a,b; Xing et al., 2006). Importantly, improved health span

of TA-65-treated mice is not accompanied by increased cancer

incidence, which may be related to the fact that TERT levels

are very modestly increased in all tissues tested except for the

liver. Alternatively, telomerase enhancement in adult (1 year

old) or very old mice (2 year old) may have beneficial effects

without increasing cancer incidence because older organisms

are more refractory to proliferative stimuli.

Finally, the results obtained here with MEFs haploinsufficient

for telomerase activity suggest that the beneficial effects of

TA-65 treatment in rescuing critically short telomeres and DNA

damage are likely mediated by the telomerase pathway. This

goes in line with recent data from our group showing that sys-

temic mTERT overexpression from the germline leads to rescue

of short telomeres and of DNA damage and to protection from

aging-associated pathologies (Tomas-Loba et al., 2008). Simi-

larly, re-expression of TERT in mice that were already aged

because of TERT deficiency can rescue telomere length and

delay aging in these mice (Jaskelioff et al., 2010). Finally, TERT

increase expression may also have beneficial effects on aging

through its potential ability to activate the Wnt pathway (Park

et al., 2009).

Here, we provide evidence on the role of TA-65 in a healthy

aging improvement but not survival (either mean or maximum

longevity) in female mice. The balance between health enhance-

ment and longevity do not always correlate. Indeed, if a long-

lived mammalian organism presents regularly health benefits

(Berryman et al., 2008; Tomas-Loba et al., 2008), the opposite

as shown to be potentially untrue (Herranz & Serrano, 2010). Of

importance is the fact that we feed our mice cohorts for a limited

period of time (4 months), being the impact of the compound

shown to be partially lost during the absence period (Fauce et al.,

2008); even though, we show that some phenotypic rescues

(such as the hair regrowth) can bemaintained longer after TA-65

uptake conclusion. We cannot discard that a longer or constant

dietary supplementation of TA-65 could also impact on lifespan

or cancer. In conclusion, here we described new findings on the

potential therapeutic use of TA-65, delineating for the first time

its mechanism of action and organismal response.

Methods

Formulation of TA-65

TA-65 was obtained from TA Sciences. TA-65 is a > 95% pure

single chemical entity as judged by HPLC and NMR 9(data not

shown), which was isolated from a proprietary extract of the

dried root of Astragalus membranaceus (Harley et al., 2010).

TA-65 was dissolved in DMSO at 1- or 10-mM stock concentra-

tion (1000· final concentration).

Mice, cells, and treatments

All G2 Terc) ⁄ ) and Terc+ ⁄ ) mice used in this study were of the

same identical genetic background (C57BL6). Third-generation

G3 Terc) ⁄ ) and G3 Terc+ ⁄ ) littermate mouse embryos were

derived from crossing G2 Terc) ⁄ ) with Terc+ ⁄ ) mice (Fig. 1A).

Genotyping was performed by Southern blotting as described
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(Blasco et al., 1997). Mice were maintained at the Spanish

National Cancer Centre (CNIO) under specific pathogen-free

conditions in accordance with the recommendations of the Fed-

eration of European Laboratory Animal Science Associations.

Mouse embryonic fibroblasts were prepared from day 13.5

embryos as described (Blasco et al., 1997). Two independent

TA-65 treatments were performed using independent MEF cul-

tures. G3 Terc) ⁄ ) and G3 Terc+ ⁄ ) primary MEF (passage 1)

were cultured for 6 days in Dulbecco’s modified Eagle’s med-

ium (Gibco, Paisley, UK) supplemented with 10% fetal bovine

serum and antibiotic ⁄ antimycotic at 37 �C ⁄ 5% CO2. Fresh TA-

65 was added to the media at a final concentration of 1 or

10 lM every 24–48 h, along with change of media, and cells

were passaged at day 2 and 5. Control cells were treated with

0.1% DMSO.

Aged cohorts of female mice were obtained directly from Har-

lan Laboratories10 . Both 1- and 2-year-old groups were aged

under standard conditions and present 100% C57BL ⁄ 6JOlaHsd

background. Mice were conditioned in a pathogen-free area of

CNIO after arrival, in accordance with the recommendations of

the Federation of European Laboratory Animal Science Associa-

tions. Half of the mice were supplemented with 25 mg of TA-65

per kg of mouse body weight per day, mixed in 100 lL of fruit

mash, for 4 months. Fruit mash alone was supplemented to the

control cohorts (100 lL, with the same periodicity as treatment

groups). Mice were daily inspected by an authorized animal

facility supervisor, before and after TA-65 treatment. Mice were

sacrificed when presenting signs of illness or tumors in accor-

dance with the Guidelines for Humane Endpoints for Animals

Used in Biomedical Research.

Telomere repeat amplification protocol

Telomerase activity in G3 Terc) ⁄ ) and G3 Terc+ ⁄ ) MEF was mea-

sured by TRAP as described previously (Blasco et al., 1997). Pro-

tein extracts of HCT116 cells served as a positive control. As

negative controls, protein extracts were treated with 5-lg RNase

for 10 min at 30 �C before performing the TRAP assay. Radioac-

tive gels were exposed to BioMax MS films (Kodak11 ) for at least

12 h at )80 �C. Quantification was performed on digitalized

films, using IMAGEJ12 software (NIH). The mean intensity of each

lane after background subtraction was calculated, normalized

by the dilution factor of the applied protein extract, and

expressed as folds relative to the corresponding DMSO-treated

cells.

Q-FISH and HT QFISH

At 70% confluence, primary MEFs (passage 3) were incubated

with 0.1 mg mL)1 Colcemide (Gibco) at 37 �C for 4 h to induce

metaphases. Cells were then harvested and fixed in metha-

nol ⁄ acetic acid (3:1). Metaphases were spread on glass slides

and dried overnight, and Q-FISH was performed using a PNA13 -

telomeric probe as described previously (Herrera et al., 1999;

Samper et al., 2000).

Metaphases were analyzed with a fluorescence microscope

(DMRA2; Leica, Wetzlar, Germany), and images were captured

with a COHU CCD camera (San Diego, CA, USA) using the Leica

Q-FISH software. Fluorescence intensity of telomeres was quan-

tified by spot IOD 14analysis using the TFL-TELO software (provided

by P. Landsdorp, Vancouver, Canada) and normalized to the flu-

orescence intensity of fluorescent beads (Molecular Probes,

Carlsbad, CA, USA).

High-throughput-quantitative telomere fluorescence in situ

hybridization was performed as previously described (Canela

et al., 2007). Briefly, blood was extracted at the indicated time

points after TA-65 treatment was finished. Peripheral blood leu-

kocytes were plated on a clear bottom black-walled 96-well

plate. Telomere length values were analyzed using individual

telomere spots (> 5000 per sample) corresponding to the

specific binding of a Cy3-labeled telomeric probe. Fluorescence

intensities were converted into kilobase as previously described

(McIlrath et al., 2001; Canela et al., 2007).

Quantitative real-time RT–PCR

Total RNA from liver was extracted with Trizol (Life Technolo-

gies 15). Samples were treated with DNase I before reverse tran-

scription using random primers and Superscript Reverse

Transcriptase (Life Technologies), following the manufacturer’s

guidelines. The primers used were as follows:

Actin-For: GGCACCACACCTTCTACAATG;

Actin-Rev: GTGGTGGTGAAGCTGTAG;

TERT-For: GGATTGCCACTGGCTCCG;

TERT-Rev: TGCCTGACCTCCTCTTGTGAC;

JunB-For: AGC CGC CTC CCG TCT ACA CCA;

JunB-Rev GCC GCT TTC GCTCCA CTT TGA TG;

c-Myc-For: ATGCCCCTCAACGTGAACTTC;

c-Myc-Rev: CGCAACATAGGATGGAGAGCA;

CyclinD1-For: TGCGCCCTCCGTATCTTAC;

CyclinD1-Rev: ATCTTAGAGGCCACGAACATGC;

CD44-For: CAGCCTACTGGAGATCAGGATGA;

CD44-Rev: GGAGTCCTTGGATGAGTCTCGA;

p16-For: CGTACCCCGATTCAGGTGAT;

p16-Rev: TTGAGCAGAAGAGCTGCTACGT;

Klf4-For: GCGAACTCACACAGGCGAGAAACC;

Klf4-Rev: TCGCTTCCTCTTCCTCCGACACA;

Fibronectin-For: TACCAAGGTCAATCCACACCCC;

Fibronectin-Rev: CAGATGGCAAAAGAAAGCAGAGG.

Student’s t-test was performed on the DDCt as previously rec-

ommended (Yuan et al., 2006; Matheu et al., 2007).

Histological analyses

We performed c-Myc (sc-764; Santa Cruz biotechnology 16) Ki67

(M7249, clone TEC-3) and TUNEL (ApopTag Detection Kit 17) stain-

ing on paraformaldehyde-fixed, paraffin-embedded sections

(AXIOVISION and SCION Image software were used for image analy-

sis; quantitation of immunostaining was determined by count-

ing the number of peroxidase stained nuclei over the total
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number of haematoxylin-stained nuclei) and oil red O staining

(fat cells) on liver frozen sections. Samples were processed and

acquired under identical conditions.

For complete blood cell counts, we collected blood samples

just before euthanasia. Data represents information collected

from, at least, five mice. Counts were done using an Abacus

Junior Vet System.

Glucose tolerance tests, insulin levels, and HOMA-IR

Glucose tolerance test and analysis were performed as described

elsewhere (Moynihan et al., 2005). Mice were fasted for at least

6 h and injected intraperitoneally with a 50% dextrose solution

(2 g kg)1 body weight).

Blood insulin levels were measured with an Ultra-Sensitive

Mouse Insulin ELISA Kit (Crystal Chem Inc. no 9008018 ), follow-

ing the manufacturers protocol. Mice were fasted for at least

6 h prior to blood insulin analysis. HOMA-IR was calculated as

previously described (Matthews et al., 1985; Heikkinen et al.,

2007).

Bone density, skin measurements, and cell migration

Bone mineral density was measured in the femur of female mice

postmortem using a dual energy X-ray absorptiometry scan

device. Subcutaneous fat and epidermal layers measurements

were performed as previously described (Tomas-Loba et al.,

2008). IMAGEJ software was used for skin length measurements.

Cell migration assays were performed on neonatal human epi-

dermal keratinocytes (HEKn). Briefly, a confluent monolayer of

HEKn was scraped with a sterile pipette tip. Migration into the

wound was scored after 24, 48, or 72 h in the presence of

DMSO or TA-65 (10 lM). IMAGEJ software was used for length

measurements.

Hair regrowth assay was performed and quantified as previ-

ously described (Matheu et al., 2007). Briefly, dorsal hair was

removed by plucking from a square of approximately

1.5 · 1.5 cm. Hair regrowth was scored two weeks later and a

semi-quantitative assessment using an arbitrary scale from one

to four (where four represents complete hair regeneration).

Statistical analyses

Statistical significances were calculated using GRAPHPAD Prism 5

software19 . An unpaired student’s t-test was used to calculate sta-

tistical significances of telomerase activity (TRAP), mRNA expres-

sion levels, protein levels, IHC quantification, glucose tolerance,

insulin levels, HOMA-IR, skin measurements, and bone mineral

density. Statistical analysis of hair regrowth experiments was

assessed with Fisher’s exact test. Statistical significances of

differences in overall telomere length were determined by

Wilcoxon-Mann–Whitney rank sum test. For statistical analyses

of percentage of short telomeres and pathological analysis at

the time of death, a chi-square test was used. Finally, a Log rank

test was used for survival comparisons between cohorts.
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Additional supporting information may be found in the online

version of this article:

Fig. S1 Representative telomerase telomere repeat amplification

protocol assay in mouse embryonic fibroblasts treated with the

indicated dose of TA-65 for 24 h and 5 days. A cellular extract

from HCT116 cells was included as a positive control, and RNase

was added in all experimental settings as negative control. IC,

PCR efficiency control.

Fig. S2 Body weight of the indicated mice before or after treat-

ment is given as mean ± SEM.

Fig. S3 (A) Fold change in mouse telomerase reverse transcrip-

tase (mTERT) mRNA levels at 3 months post-treatment in

different tissues of 1-year-old TA-65-treated mice compared to

age-matched controls. Mouse telomerase reverse transcriptase

mRNA values were normalized to actin. (B) Fold change in JunB

mRNA levels at 3 months post-treatment in different tissues of

1-year-old TA-65-treated mice compared to age-matched

nontreated controls. JunB mRNA values were normalized to

actin. (C) Fold change in c-Myc mRNA levels at 3 months post-

treatment in different tissues of 1-year-old TA-65-treated mice

compared to age-matched nontreated controls. c-Myc mRNA

values were normalized to actin.

Fig. S4 Fold changes in CD44, CyclinD1, Klf4, Fibronectin and

p16 mRNA levels in liver extracts from TA-65-treated mice com-

pared to age-matched nontreated controls. mRNA values were

normalized to actin.

Fig. S5 (A) Percentage of Ki67-positive cells in the lungs of

TA-65-treated or untreated (control) mice. Student’s t-test was

used for statistical assessments. At least four high-power fields

(HPF) (·100) were used per independent mouse and around

24 000 lung cells were scored per mouse. (B) Representative

Ki67 immunohistochemistry images of lungs from TA-65-trea-

ted or untreated (control) mice. (C) Percentage of TUNEL-posi-

tive (Apoptag detection kit) cells in the lungs of TA-65-treated

or untreated (control) mice. Student’s t-test was used for statis-

tical assessments. At least four HPF (·100) were used per inde-

pendent mouse and around 24 000 cells were scored per

mouse. (D) Representative TUNEL stained images of lungs from

TA-65-treated or untreated (control) mice. (E) Percentage of

Ki67-positive cells in the liver of TA-65-treated or untreated

(control) mice. Student’s t-test was used for statistical assess-

ments. At least five HPF (·100) were used per independent

mouse and around 3000 hepatocytes were scored per mouse.

(F) Representative Ki67 immunohistochemistry images of the

liver from TA-65-treated or untreated (control) mice. (G) Per-

centage of TUNEL-positive (Apoptag detection kit) cells in the

liver of TA-65-treated or untreated (control) mice. Student’s

t-test was used for statistical assessments. At least five HPF

(·100) were used per independent mouse, and around 3000

hepatocytes were scored per mouse. (H) Representative TUNEL

stained images of the liver from TA-65-treated or untreated

(control) mice.

As a service to our authors and readers, this journal provides

supporting information supplied by the authors. Such materials

are peer-reviewed and may be re-organized for online delivery,

but are not copy-edited or typeset. Technical support issues aris-

ing from supporting information (other than missing files)

should be addressed to the authors.
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