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 Numerous studies demonstrate links between chronic stress and

 indices of poor health, including risk factors for cardiovascular
 disease and poorer immune function. Nevertheless, the exact
 mechanisms of how stress gets "under the skin" remain elusive.
 We investigated the hypothesis that stress impacts health by
 modulating the rate of cellular aging. Here we provide evidence
 that psychological stress-both perceived stress and chronicity of
 stress-is significantly associated with higher oxidative stress,
 lower telomerase activity, and shorter telomere length, which are
 known determinants of cell senescence and longevity, in periph-
 eral blood mononuclear cells from healthy premenopausal women.
 Women with the highest levels of perceived stress have telomeres
 shorter on average by the equivalent of at least one decade of
 additional aging compared to low stress women. These findings
 have implications for understanding how, at the cellular level,
 stress may promote earlier onset of age-related diseases.

 psychological stress | telomere length | telomerase I oxidative stress

 People who are stressed over long periods tend to look
 haggard, and it is commonly thought that psychological stress

 leads to premature aging and the earlier onset of diseases of
 aging. Numerous studies demonstrate links between chronic
 stress and indices of poor health, including risk factors for
 cardiovascular disease and poorer immune function (1, 2).
 Nevertheless, the exact mechanisms of how such stress exerts
 these effects are not well known, including whether stress
 accelerates aging at a cellular level and how cellular aging
 translates to organismal aging. Recent research points to the
 crucial roles of telomeres and telomerase in cellular aging and
 potentially in disease. Telomeres are DNA-protein complexes
 that cap chromosomal ends, promoting chromosomal stability.
 When cells divide, the telomere is not fully replicated because of
 limitations of the DNA polymerases in completing the replica-
 tion of the ends of the linear molecules, leading to telomere
 shortening with every replication (3). In vitro, when telomeres
 shorten sufficiently, the cell is arrested into senescence. In
 people, telomeres shorten with age in all replicating somatic cells
 that have been examined, including fibroblasts and leukocytes
 (4). Thus, telomere length can serve as a biomarker of a cell's
 biological (versus chronological) "age" or potential for further
 cell division.

 Telomerase, a cellular enzyme, adds the necessary telomeric
 DNA (T2AG3 repeats) onto the 3' ends of the telomere (5).
 Telomerase also has direct telomere-protective functions (6). In
 human T cells, telomerase activity increases with acute antigen
 exposure but decreases with repeated antigen stimulation and as
 the cells approach senescence (7). People with dyskeratosis
 congenita, a rare genetic disease that diminishes the ability to
 synthesize sufficient telomerase, have shortened telomeres and
 die prematurely from progressive bone marrow failure and
 vulnerability to infections (8).

 Cellular environment also plays an important role in regulat-
 ing telomere length and telomerase activity. Most notably, in
 vitro, oxidative stress can shorten telomeres and antioxidants can

 decelerate shortening (9, 10). Perceived stress has been linked to
 one measure of oxidative DNA damage in leukocytes in women
 (11, 12). Given these observed links, we hypothesized that
 chronic psychological stress may lead to telomere shortening and
 lowered telomerase function in peripheral blood mononuclear
 cells (PBMCs) and to oxidative stress.

 Methods

 To study both objective (event-/environment-based) and sub-
 jective (perception-based) stress, we examined 58 healthy pre-
 menopausal women who were biological mothers of either a
 healthy child (n = 19, "control mothers") or a chronically ill child
 (n = 39, "caregiving mothers"). The latter were predicted to
 have, on average, greater environmental exposure to stress.
 Women in both groups completed a standardized 10-item ques-
 tionnaire assessing level of perceived stress over the past month
 (13). This design allowed us to examine the importance of
 perceived stress and measures of objective stress (caregiving
 status and chronicity of caregiving stress based on the number of
 years since a child's diagnosis) (see Supporting Text, which is
 published as supporting information on the PNAS web site). All
 analyses were conducted controlling for age because we wanted
 to test for telomere shortening caused by stress independent of
 the women's chronological age (age was related to telomere
 length, r: -0.23, P < 0.04).

 Each subject was 20-50 years old [mean (M) = 38 ? 6.5 years]
 and had at least one biological child living with her. Subjects
 were free of any current or chronic illness (see Supporting Text).
 Use of oral contraceptives was similar in the caregiver and
 control groups. Obesity level was quantified by body-mass index
 (BMI): weight (in kilograms)/[height (in meters) x height (in
 meters)]. Blood was drawn in a fasting state on a morning during
 the first 7 days of the follicular stage of the menstrual cycle.

 Mean telomere length and telomerase activity were measured
 quantitatively in the PBMCs that were stored frozen at -80?C.
 Telomere length values were measured from DNA by a quan-
 titative PCR assay that determines the relative ratio of telomere
 repeat copy number to single-copy gene copy number (T/S ratio)
 in experimental samples as compared with a reference DNA
 sample (14). Telomerase activity was measured by the telomer-
 ase repeat amplification protocol (15) with a commercial kit
 (Trapeze, Chemicon) and all values used were in the linear
 quantitative range. Vitamin E (alpha-tocopherol) was measured

 Freely available online through the PNAS open access option.

 Abbreviations: PBMC, peripheral blood mononuclear cell; BMI, body-mass index; T/S,
 telomere repeat copy number/single-copy gene copy number.
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 Table 1. Correlations between stress and cell senescence markers

 across the sample (adjusted for age and potential
 health/behavioral mediators)

 Years of

 Perceived stress, n caregiving, n

 Telomere length -0.31* (-0.27t), 54 -0.40* (-0.43*), 36
 Telomerase activity -0.24t (-0.24t), 59 -0.35t (-0.32t), 37
 Oxidative stress index 0.27t (0.22), 44 0.33t (0.38t), 30

 Values are correlations adjusted for age only, with correlations adjusted for
 age, BMI, smoking, and vitamin use in parentheses. When people are stressed,
 some tend to eat and smoke more, and they may not engage in self-care
 behaviors, such as taking antioxidant multivitamin supplements. Therefore,
 potential mediators (BMI, smoking, and vitamin use) were controlled for
 along with age. Even when these factors are controlled for, stress was still
 significantly associated with shorter telomeres and lower telomerase activity,
 although the relationship with oxidative stress index was no longer significant
 and thus partially mediated by health behaviors. Perceived stress was not
 directly related to isoprostanes (r = 0.18, P value not significant) or vitamin E
 (r = -0.09, Pvalue not significant) but was related to the oxidative stress index
 (the ratio of isoprostanes divided by vitamin E levels). t, P < 0.01; *, P < 0.05
 (one-tailed). n values vary because of missing data, because years of caregiving
 was measured in the caregivers only, or because oxidative stress was measured
 on a subset of the sample (n = 44).

 with HPLC from serum isolated from a blood sample protected
 by foil (ARUP Laboratories, Salt Lake City). F2-isoprostanes
 level, a reliable measure of oxidative stress, was quantified from
 a 12-hour nocturnal urine sample from a subsample of 44 of the
 women (urine was not collected on the first 14 subjects) by using
 a highly accurate and precise gas chromatographic/mass spec-
 trometric assay (16) and adjusting for creatinine levels. An index
 of oxidative stress was calculated as the ratio of (isoprostanes per
 milligram of creatinine)/vitamin E. This index represents the net
 oxidative stress effect, taking into account one marker of
 oxidative stress and of antioxidant defenses. All statistical anal-

 yses that tested a priori hypotheses were performed with one-
 tailed P tests, given the directional nature of the predictions (see
 Supporting Text for details on methods and measures).

 Results

 As expected, the average perceived stress level was significantly
 higher in caregivers than in controls. As a group, caregivers did
 not differ from controls in telomere length, telomerase activity,
 or oxidative stress index, but the duration of their chronic stress
 (number of years spent as a caregiver) varied greatly (from 1 to
 12 years). Thus, we reasoned that duration might have a stronger
 association with telomere length than simply caregiver versus
 control status. Indeed, within the caregiving group, the more
 years of caregiving, the shorter the mother's telomere length, the
 lower the telomerase activity, and the greater the oxidative
 stress, even after controlling for the mother's age (Table 1 and
 Fig. 1A4).

 We also found significant correlations between perceived
 stress and all three markers of cellular aging across the entire
 sample of caregivers and noncaregivers (Table 1). Notably,
 telomere length was related to perceived stress in both caregivers
 and controls (Fig. 1B). Hence, the relationship between per-
 ceived stress and shorter telomeres is not simply because of the
 severe stress experienced by many of the caregivers or to some
 biological vulnerability that predisposed their child to have a
 chronic condition but rather exists across the continuum of

 normative stress levels, especially notable at the extremes (low
 and high perceived stress).

 A further demonstration of the relationship between stress
 and telomere length is seen upon comparing the two extreme
 groups, those in the highest (n = 14) and lowest (n = 14)
 quartiles of perceived stress scores. These groups were similar in
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 Fig. 1. Scatter plots of chronicity of stress by telomere length in caregivers
 and perceived stress scores by telomere length. (A) The zero-order correlation
 between chronicity of caregiving and mean telomere length, r, is -0.445 (P <
 0.01) and, adjusting for the mother's age, it remains significant (r = -0.40, P <
 0.01). To test whether the age of the child accounts for this relationship
 independently of caregiving, correlations between the age of the child and
 the mean telomere length were calculated in each group. The age of the child
 is related to shorter telomeres in the caregiver group (r = -0.45, P < 0.01) but
 not the control group (r = +0.22, P value not significant). These findings
 demonstrate that the relationship between chronicity of caregiving and mean
 telomere length is not simply due to either the mother's or child's older age.
 (B) Zero-order correlation across the sample is r = -0.31 (P < 0.01, n = 57).
 When the correlation is adjusted for age, BMI, smoking, and vitamin use, the
 correlation remained significant (r = -0.27, P< 0.05). In both the control (blue
 diamond) and high-stress (red circle) groups, the higher the stress level rank-
 ing, the lower the telomere length (controls, r = -0.34; caregivers, r = -0.36;
 adjusted for age). When the one particularly high-stress control subject is
 eliminated, there is still an association among the lower stress controls,
 showing that those with the lowest stress have the longest mean telomere
 length (r = -0.27).

 age, tobacco use, and vitamin use, but the high-stress group had
 significantly higher mean BMI (28.6 ? 6.6 versus 24.0 ? 3.3, P <
 0.05). Analyses of covariance were performed, controlling for
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 Fig. 2. Telomere length and telomerase activity levels in extreme high- and
 low-stress groups. (A) Average telomere length and SE are shown. The high-
 stress group had shorter telomeres even after controlling for age and BMI [F(1,
 27) = 12.8, P < 0.001]. (B) Average telomerase activity and SE are shown. The
 high-stress group had lower telomerase activity even after controlling for age
 and BMI [F(1, 27) = 3.1, P < 0.05]. Because values for telomerase activity were
 not normally distributed, the values were converted to follow a normal
 distribution by using a natural logarithm transformation. All statistical anal-
 yses were performed on the transformed variable. The raw (unadjusted) levels
 of telomerase are presented throughout because these values are more
 meaningful than transformed values.

 age and BMI. Independent of their chronological age and BMI,
 the high-stress group had significantly shorter telomeres (raw
 mean T/S ratio = 1.13 ? 0.17), which converts to 3,110-bp
 telomeres than the low-stress group (raw mean T/S ratio =
 1.33 ? 0.15), which converts to 3,660-bp telomeres (Fig. 2A).

 Because telomere length declines during normal aging, one
 can estimate the years of aging expected to pass to bring the
 relatively long telomeres of the bottom-stress-quartile individu-
 als down to the relatively short lengths of the top-stress-quartile
 individuals. Cross-sectional studies of age versus telomere length
 in the general population show that telomere shortening in
 young adulthood appears minimal in lymphocytes or PBMCs (4,
 17-19) and becomes faster (=60 bp/year) in older age (50-70
 years) (17, 19). There are no studies that estimate average
 expected telomere shortening in the exact age range studied here
 (20-50 years), which largely falls within the young adulthood
 period of minimal loss. Therefore, in translating telomere short-
 ening to years of aging, we based our estimates on studies
 averaging telomere shortening across adulthood (ages 20-95
 years), which find a loss of 31-63 bp/year (17, 20, 21). Thus, the
 550-bp shortening in the high-stress group indicates that their
 lymphocytes had aged the equivalent of 9-17 additional years,
 compared with the low-stress group.

 Strikingly, the high-stress group also had significantly lower
 telomerase activity (Fig. 2B) and higher oxidative stress than the
 low-stress group. The mean telomerase activity, adjusted for
 BMI and age, was 48% lower in the high-stress group (M =
 0.053 ? 0.016 versus 0.092 ? 0.016 telomerase units per 10,000
 cells; F(1, 27) = 3.1; P < 0.045). The mean oxidative stress index
 was F(3, 22) = 4.5, P < 0.025 (M = 0.052 + 0.010 versus 0.085 ?
 0.010 arbitrary units of isoprostanes/vitamin E). When the
 results were analyzed by high versus low telomere length, the
 conclusions were similar in that the short telomere length group
 had higher perceived stress, higher oxidative stress, and lower
 telomerase activity (see Supporting Text).

 Discussion

 The exact mechanisms that connect the mind to the cell are

 unknown. Although it is well accepted that cell senescence can
 include stress-induced processes, psychological stress has not yet
 been considered as part of the stress pathway. The current
 findings suggest that stress-induced premature senescence in
 people might be influenced by chronic or perceived life stress.
 Psychological stress could affect cell aging through at least three
 nonmutually exclusive pathways: immune cell function or distri-
 bution, oxidative stress, or telomerase activity. We considered
 whether stress might have decreased naive T cells and increased
 memory T cells [which have shorter telomere length (22)], but
 the data did not support this (Table 2, which is published as
 supporting information on the PNAS web site). Second, stress
 could potentially lead to oxidative stress by means of chronic
 activation of the autonomic and neuroendocrine stress re-

 sponses. Although this hypothesis has never been tested in vivo,
 the relationship between stress hormones and oxidative stress
 has been clearly demonstrated at the cellular level. Glucocorti-
 coids, the primary adrenal hormones secreted during stress,
 increase oxidative stress damage to neurons, in part by increasing
 glutamate and calcium and decreasing antioxidant enzymes (23,
 24). It is also notable that, in women, self-reported distress has
 been related to greater oxidative DNA damage (8-OH-dG) (12).
 Oxidative stress shortens telomeres in cells cultured in vitro (10).
 Our findings that perceived and chronic stress correlated with
 higher oxidative stress and shorter telomere length demonstrate
 this relationship cross-sectionally for the first time in vivo. Lastly,
 if the observed lowered telomerase activity represents chronic
 levels, it too could have contributed to the shortened telomeres
 in PBMCs.

 Although being a caregiver per se was not related to telomere
 length, the chronicity of caregiving stress was related to telomere
 length. It is a formal possibility that the association between
 stress and telomere length reported here is in part due to people
 with longer telomeres being psychologically more resistant to
 objective stressors than people with shorter telomeres. Engi-
 neering worms to have longer telomeres resulted in an extension
 of their life spans, even though all of their somatic cells are
 postmitotic and their telomeres do not shorten during aging (25).
 Further, the biochemical pathway involved in this effect of
 telomere length on life span is the same pathway previously
 shown to mediate increased physiological stress resistance in
 response to various genetic variants that increase life span. It is
 unknown whether physiological stress resistance is related to
 psychological stress resistance. Perceived stress may be either
 causally or correlationally related to telomere length. However,
 the relationship between chronicity of caregiving stress (an
 objectively based measure) and telomere length implies that
 stress preceded telomere shortening, because telomere length
 cannot have influenced the number of years one has been a
 caregiver. Clearly, longitudinal studies in which telomere length
 is assayed repeatedly are needed to directly test whether the rate
 of telomere shortening in individuals with higher levels of
 reported stress is actually faster than in individuals with lower
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 stress. Further, clinical trials of interventions effective in low-
 ering perceived stress in adult life could test whether they slow
 the rate of telomere shortening.

 These associations between stress and cell aging have clinically
 significant implications for human health. A 50% deficiency in
 telomerase RNA gene dosage caused by the rare genetic disease
 dyskeratosis congenita is sufficient to cause premature death in
 adults from bone marrow failure and vulnerability to infections
 (8). In the elderly, telomere shortening is strongly associated
 with higher mortality rates (26). Lastly, patients with early
 myocardial infarction had leukocyte telomere lengths that were
 equivalent to those typical of a person -11 years older than
 controls, similar to the magnitude of accelerated cell aging
 observed in our high-stress group (27).

 In summary, in healthy women, psychological stress is asso-
 ciated with indicators of accelerated cellular and organismal
 aging: oxidative stress, telomere length, and telomerase activity
 in PBMCs. Many questions remain, such as whether shorter
 telomeres in leukocytes lead to earlier immune senescence and
 relate to shorter telomeres in other proliferative cells, such as
 cardiovascular endothelium. Nonetheless, although the exact
 pathway of events from perception of stress in the brain to
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