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A null mutation in SERPINE1 protects against biological
aging in humans
Sadiya S. Khan,1,2,3* Sanjiv J. Shah,1,2* Ekaterina Klyachko,1,2 Abigail S. Baldridge,3 Mesut Eren,2

Aaron T. Place,2 Abraham Aviv,4 Eli Puterman,5 Donald M. Lloyd-Jones,1,3 Meadow Heiman,6

Toshio Miyata,7 Sweta Gupta,6 Amy D. Shapiro,6 Douglas E. Vaughan1,2†

Plasminogenactivator inhibitor–1 (PAI-1) has been shown tobe akey component of the senescence-related secretome
and a direct mediator of cellular senescence. In murine models of accelerated aging, genetic deficiency and targeted
inhibition of PAI-1 protect against aging-like pathology and prolong life span. However, the role of PAI-1 in human
longevity remains unclear. We hypothesized that a rare loss-of-function mutation in SERPINE1 (c.699_700dupTA),
which encodes PAI-1, could play a role in longevity andmetabolism in humans.We studied 177members of the Berne
Amish community, which included 43 carriers of the null SERPINE1mutation. Heterozygosity was associated with sig-
nificantly longer leukocyte telomere length, lower fasting insulin levels, and lower prevalence of diabetes mellitus. In
the extended Amish kindred, carriers of the null SERPINE1 allele had a longer life span. Our study indicates a causal
effect of PAI-1 on human longevity, which may be mediated by alterations in metabolism. Our findings demonstrate
the utility of studying loss-of-function mutations in populations with geographic and genetic isolation and shed light
on a novel therapeutic target for aging.
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INTRODUCTION
Age is the primary risk factor formost of the chronic diseases, including
type 2 diabetes mellitus (DM), metabolic syndrome, and cardiovascular
diseases (CVD) (1). The prevalence of age-related diseases has increased
concordantly with the growing proportion of elderly individuals in the
population. Aging remains one of the most challenging biological pro-
cesses to unravel, with coordinated and interrelated molecular and
cellular changes (2). Humans exhibit clear differential trajectories of
age-related decline on a cellular level with telomere attrition across var-
ious somatic tissues and on a physiological level across multiple organ
systems (3). In addition to telomere length, López-Otín and colleagues
(4) proposed several molecular drivers of aging, including genomic in-
stability, epigenetic alterations, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senescence, stem cell ex-
haustion, and altered intercellular communication. Despite knowledge
of these potential molecular causes of aging, no targeted interventions
currently exist to delay the aging process and to promote healthy lon-
gevity (5, 6).

In theUnited States, cardiometabolic disease influences life span as a
leading cause of death and disability in adult men and women (7). Car-
diometabolic disease is associated with a shorter leukocyte telomere
length (LTL) (8, 9). Telomere shortening, which results from replication
of somatic cells in vitro and in vivo, may cause replicative senescence.
Senescent cells and tissues exhibit a distinctive pattern of protein expres-
sion, including increased plasminogen activator inhibitor–1 (PAI-1) as
a part of the senescence-associated secretory phenotype (SASP) (10, 11).
PAI-1, which is encoded by the SERPINE1 gene, is the primary inhibitor
of endogenous plasminogen activators and is synthesized in the liver
and fat tissue. In addition to its role in regulating fibrinolysis, PAI-1 also
contributes directly to cellular senescence in vitro (12). Genetic absence
or pharmacologic inhibition of PAI-1 inmurinemodels of accelerated
aging provides protection from aging-like pathology, prevents telo-
mere shortening, and prolongs life span (13). Cross-sectional human
studies have demonstrated an association of plasma levels of PAI-1with
insulin resistance (14, 15). Mendelian randomization analyses from
large genome-wide association studies (GWAS) provide an additional
supportive evidence for a casual effect of PAI-1 on insulin resistance and
coronary heart disease (16).

The role of the SASP, in general, and specifically PAI-1 in longevity
in humans is uncertain. We have previously reported the identification
of a rare frameshift mutation (c.699_700dupTA) in the SERPINE1 gene
in the Old Order Amish (OOA), living in relative geographic and ge-
netic isolation in the vicinity of Berne, Indiana; thismutation results in a
lifelong reduction in PAI-1 levels (17, 18). Therefore, we tested the as-
sociation of carrier status for the null SERPINE1mutation with LTL as
the prespecified primary end point in the only known cohort with a
SERPINE1nullmutation. The secondary endpoints of the study includ-
ed fasting insulin level, prevalence of DM, and life span. The findings of
this study were extended by assessing the novel aging scores derived in
theOOA cohort in aU.S. population–based cohort study, the Coronary
Artery Risk Development in Young Adults Study (CARDIA).
RESULTS
Baseline characteristics of the study participants
The clinical characteristics of the study participants by SERPINE1 geno-
type status are shown in Table 1 and table S1. A total of 177 participants
was enrolled. Forty-three participants were identified as carriers of the
null SERPINE1 mutation, and seven participants were identified as
homozygous for the null SERPINE1 mutation with an overall minor
(null) allele frequency of 16% in the study population. The observed
SERPINE1 genotype frequencies were in Hardy-Weinberg equilibrium.
Heterozygous carriers of the null SERPINE1mutation had 50% lower
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mean circulating plasma PAI-1 levels (5.9 ± 6.6 ng/ml versus 12.7 ±
9.8 ng/ml; P < 0.0001) compared with unaffected participants. Homo-
zygous individuals for the null SERPINE1mutation had no evidence of
detectable PAI-1 antigen in the plasma, consistent with the loss-of-
functionmutation.UnaffectedAmish participants had lower bodymass
index, fasting glucose, and triglyceride levels than the CARDIA partici-
pants sampled from the U.S. urban communities (Table 2). Rates of
clinically overt disease with hypertension and type 2 DM were similar
in both unaffected Amish participants and the CARDIA participants.

Association of null SERPINE1 heterozygosity with telomere
length and life span
Overall, the mean LTL was highly correlated with chronological age
(R = −0.70, P < 0.0001) and 9% shorter per decade of age (P < 0.0001)
in unaffected Amish participants. Carriers of the SERPINE1 mutation
had a 10% longer mean LTL, the prespecified primary end point, after
adjustment for age, sex, and familial relatedness comparedwith noncar-
riers (P = 0.007) (Fig. 1). Interaction between age and carrier status of
the SERPINE1 null mutation in association with LTL was not signifi-
cant. Secondary analyses, including participants whowere homozygous
for the SERPINE1 null mutation (n = 7), demonstrated similar results
(P = 0.020; table S2). The overall heritability (h2) estimate of LTL was
0.55 (P < 0.0001), suggesting that the additive effects of genetic vari-
ation, including the SERPINE1 mutation, accounted for 55% of the
total variation.
Khan et al., Sci. Adv. 2017;3 : eaao1617 15 November 2017
Vital status was available on 221 individuals identified as directly re-
lated to our study participants. Genotype status for SERPINE1 was as-
certained by direct genotyping or obligate ascertainment from ancestral
data in deceased individuals with known dates of birth and death (n =
56). Themedian survival in SERPINE1 null carriers compared with un-
affected individuals was longer [85 (73 to 88) versus 75 (70 to 83); P =
0.037], as shown in Fig. 2.

Association of null SERPINE1 heterozygosity andmetabolic traits
Carriers of the SERPINE1mutation had similar mean body mass index
compared with noncarriers (P = 0.46). The prevalence of type 2 DM,
one of the prespecified secondary end points, was significantly lower in
carriers of the SERPINE1 null mutation compared to noncarriers, as
shown in Table 1 (0% versus 7%; P = 0.001). Fasting insulin levels were
28% lower in SERPINE1 heterozygotes (P = 0.035) after adjustment for
age, sex, and familial relatedness in comparison to unaffected partici-
pants. Secondary analysis including Amish participants (n = 7) who
were homozygous for the null SERPINE1mutation demonstrated simi-
lar results (P = 0.026). Sensitivity analysis performed with exclusion of
Amish participants with diabetes did not alter the results. In addition,
we observed a significant positive correlation betweenPAI-1 and fasting
insulin levels in the Amish participants (R = 0.55, P < 0.0001) and the
CARDIA participants (R = 0.48, P < 0.05).

Association of null SERPINE1 heterozygosity and
cardiovascular parameters
Tissue Doppler e′ velocity was slightly higher in carriers than controls
but did not achieve significance (12.8 ± 4.0 versus 12.3 ± 4.1; P = not
Table 1. Clinical characteristics of the Berne Amish kindred by SERPINE1
genotype status. Continuous values are listed as mean ± SD unless
otherwise specified. HDL, high-density lipoprotein; LDL, low-density
lipoprotein.
SERPINE1+/+

(n = 127)

SERPINE1+/−

(n = 43)

P*
Age (years)
 46 ± 20
 44 ± 17
 0.97
Female, n (%)
 70 (55)
 28 (65)
 0.43
Hypertension, n (%)
 41 (33)
 14 (33)
 0.85
Systolic blood pressure (mmHg)
 130 ±18
 128 ± 20
 0.69
Diastolic blood pressure (mmHg)
 77 ± 10
 78 ± 12
 0.60
Obesity, n (%)
 38 (30)
 12 (28)
 0.60
Body mass index (kg/m2)
 27.7 ± 5.9
 26.9 ± 6.3
 0.29
Diabetes, n (%)
 8 (7)
 0 (0)
 <0.01
Fasting insulin (uIU/ml)†
 4.9 (3.3–6.7)
 4.0 (2.9–5.1)
 0.04
Total cholesterol (mg/dl)
 188 ± 40
 188 ± 55
 0.92
HDL cholesterol (mg/dl)
 60 ± 15
 63 ± 12
 0.25
Triglyceride (mg/dl)†
 81 (57–113)
 76 (51–110)
 0.54
LDL cholesterol (mg/dl)
 109 ± 32
 107 ± 44
 0.67
Serum creatinine (mg/dl)
 0.80 ± 0.16
 0.75 ± 0.15
 0.13
Ever smoked, n (%)
 48 (38)
 12 (28)
 0.11
*Polygenic model adjusted for carrier status and family structure in
SOLAR. †Non-normally distributed, reported as median (25th to
75th percentile).
Table 2. Comparison of clinical characteristics of the Berne Amish
kindred SERPINE1+/+ and CARDIA.
SERPINE1+/+

(n = 127)

CARDIA

(n = 2793)

P

Age (years)
 46 ± 20
 50 ± 4
 0.03
Female, n (%)
 70 (55)
 1605 (57)
 0.60
Hypertension, n (%)
 41 (33)
 1023 (37)
 0.42
Systolic blood pressure (mmHg)
 130 ± 18
 119 ± 16
 <0.01
Diastolic blood pressure (mmHg)
 77 ± 10
 75 ± 11
 0.02
Obesity, n (%)
 38 (30)
 1181 (42)
 <0.01
Body mass index (kg/m2)
 28 ± 6
 30 ± 7
 <0.01
Diabetes, n (%)
 8 (7)
 296 (11)
 0.17
Fasting glucose (mg/dl)*
 88 (82–98)
 94 (87–102)
 <0.01
Total cholesterol (mg/dl)
 188 ± 40
 192 ± 36
 0.23
HDL cholesterol (mg/dl)
 60 ± 15
 58 ± 18
 0.18
Triglyceride (mg/dl)*
 81 (57–113)
 91 (68–132)
 <0.01
LDL cholesterol (mg/dl)
 109 ± 32
 112 ± 32
 0.28
Serum creatinine (mg/dl)
 0.80 ± 0.16
 0.88 ± 0.44
 <0.01
Ever smoked, n (%)
 48 (38)
 1007 (37)
 0.77
*Non-normally distributed, reported as median (25th to 75th percentile).
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significant). Brachial pulse pressure [47 (42 to 53) versus 51 (44 to 57)]
and carotid intima-media thickness (cIMT) [0.60 (0.51 to 0.72) versus
0.61 (0.52 to 0.79)] were lower in carriers than controls, but differences
were not significant.

Several cardiovascular measures that correlated significantly with
chronological age in unaffected individuals (|R| > 0.60, P < 0.0001;
Fig. 3) were identified. A composite score of cardiovascular aging that
represents vascular and myocardial health (e′ velocity, brachial pulse
pressure, and carotid IMT) was 0.6 units lower, on average, in carriers
of the SERPINE1mutation than noncarriers, but this difference did not
achieve statistical significance (P= 0.09). A second composite score rep-
resentative of cardiometabolic aging that included cardiovascular
Khan et al., Sci. Adv. 2017;3 : eaao1617 15 November 2017
parameters and fasting insulin was 1.03 units lower, on average, in car-
riers (P = 0.03). Composite score 3, which was representative of com-
prehensive biological aging, including score 2 parameters and relative
LTL, was 0.53 units lower, on average, in carriers (P = 0.005).

These three composite scores of aging were assessed in the CARDIA
cohort to determine their associations with cardiovascular outcomes.
Each score was significantly associated with the 5-year outcomes of
cardiovascular morbidity and mortality (tables S3 and S4). Similar
results were obtained when restricting the analysis to white participants
in CARDIA. In addition, plasma PAI-1 levels in the CARDIA partici-
pants correlated significantly with all three composite scores (R = 0.27,
0.42, and 0.39 for composite scores 1, 2, and 3, respectively; P < 0.05).

Founder identification in family structure pedigree
A simplified diagram of the extended Berne Amish pedigree high-
lighting individuals with heterozygosity and homozygosity for the null
SERPINE1 gene is shown in fig. S1.We identified either individual I-1 or
I-2 as highly likely to have introduced a single copy of themutated allele
into the population six generations ago. This husband andwife couple is
a common ancestor to all individuals newly and previously identified in
the study as heterozygous or homozygous for the null SERPINE1 allele.
Although the genetically restricted nature of this cohort has resulted in a
relatively high prevalence of the SERPINE1 null allele, themean kinship
coefficient among carriers of the null SERPINE1 allele was 7%. The
oldest known homozygous individual for the SERPINE1 mutation
was born in 1981 as a result of the first marriage to occur between
two heterozygotes. Although these individuals provide a unique oppor-
tunity to examine the biology of PAI-1 in humans, the rarity of this con-
dition in the world and their young age limit comparisons at this time,
but baseline characteristics are described (table S1).
DISCUSSION
The central findings of our study are that heterozygosity for the null
SERPINE1 gene encoding PAI-1, which is associated with a lifelong re-
duction in PAI-1, is associated with longer LTL, a healthier metabolic
Fig. 1. Association of SERPINE1 genotype status and leukocyte telomere length as a function of age in the Berne Amish kindred. (A and B) LTL in SERPINE1 null
allele carriers and noncarriers in the Berne Amish kindred as quantified by (A) polymerase chain reaction (PCR) and (B) Southern Blot. Relative LTL is shown in (A), andmean
terminal restriction fragment (TRF) length is shown in (B) as a function of age stratified by SERPINE1mutation status. P value represents difference in mean LTL and TRF by
SERPINE1mutation status (carriers versus noncarriers) after adjustment for age, sex, and family structure in Sequential Oligogenic Linkage Analysis Routines (SOLAR) (P =
0.007 and P = 0.039, respectively). Every 1-year increase in age of study participant was associated with a 0.0087 lower relative LTL (P < 0.0001) and a 30–base pair lower
mean TRF (P < 0.0001).
Fig. 2. Age at death in the extended Berne Amish kindred by genotype sta-
tus for SERPINE1. On the basis of ancestral data obtained from the extended pedi-
gree and extensive fieldwork, we identified 221 individuals with known dates of birth
and death. Genotype status for SERPINE1 was ascertained by direct genotyping or ob-
ligate ascertainment in 56 family members. The mean ± SD age at death was delayed
by 7 years in SERPINE1 null carriers compared with unaffected individuals (82 ± 10 ver-
sus 75 ± 12; P = 0.037 by Wilcoxon rank sum test).
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profile with lower prevalence of diabetes, and a longer life span. The
Berne Amish kindred provide an unprecedented opportunity to study
the biological effects of a private loss-of-function mutation with a large
effect on circulating PAI-1 on longevity in humans (17, 18).We confirm
previous reports that suggest that LTL is inversely correlated with
chronological age and is substantially heritable (19). In epidemiologic
studies, LTL has been validated as a potent predictor of diabetes,
CVD, and all-cause mortality (8, 9, 20–22). In addition, inherited defi-
ciencies in telomeremaintenance inmice and humansmanifest with an
accelerated aging phenotype, supporting the critical role of telomere
Khan et al., Sci. Adv. 2017;3 : eaao1617 15 November 2017
attrition in the pathophysiology of aging (23, 24). These perspectives
informed both our study design and the selection of LTL as the prespe-
cified primary end point. Although age-adjusted LTL is significantly
longer in the carriers of the null SERPINE1 allele, the age-related phe-
nomenon of LTL attrition across the cohort is the same. This supports
previous data that absolute LTLmay be largely determined at birth, and
individuals with a longer LTL may shift the onset of insulin resistance
and CVD to an older age, promoting longer life span (25–27).

The current study builds upon the available cellular and animal ev-
idence supporting the role of PAI-1, the product of SERPINE1, as an
Fig. 3. Association of SERPINE1 genotype status and cardiovascular measures of aging as a function of age in the Berne Amish kindred. (A toC) Components of
the aging composite scores, including brachial pulse pressure (A), e′ velocity (B), and carotid IMT (C) as a function age in Amish participants by genotype status for SERPINE1 null
allele. (D toF) Composite scores of cardiovascular, cardiometabolic, and comprehensivebiological aging in SERPINE1null allele carriers andnoncarriers in the BerneAmish kindred.
Several cardiovascular measures that correlated strongly with chronological age with absolute correlation coefficients (|R|) greater than 0.60 (P < 0.0001) were identified. Pulse
pressure [PP = 34.7 + 0.39 (age in years)] and carotid IMT [0.32 + 0.01 (age in years)] increased with age. e′ velocity [e′ = 20.3 − 0.2 (age in years)] decreased with age, as expected.
Thesemeasures of vascular structure and stiffness andmyocardial healthwere then standardized to havemean=0 and SD=1 (z scores) andwere integrated into composite score
1 (cardiovascular age composed of brachial pulse pressure, e′ velocity, and carotid IMT), composite score 2 (cardiometabolic age composed of score 1 plus fasting insulin), and
composite score 3 (comprehensive biological age composed of score 2 and LTL). Z scores were coded so that higher values corresponded to older levels of the measures of
biological aging; that is, The z scores for LTL and e′ velocity, which decline with age, were reverse-coded so that higher z scores corresponded to lower levels [**P value represents
difference in components and composite scores of aging by SERPINE1mutation status (carriers versus noncarriers) after adjustment for age, sex, and family structure in SOLAR].
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important contributor to aging (28). PAI-1 expression is increased in
senescent cells and tissues and is a fundamental component of the SASP
(10). There is a compelling evidence that senescent cells accumulate in
the tissues and contribute to the aging process (29, 30). In addition to
contributing to the molecular fingerprint of senescence, PAI-1 is nec-
essary and sufficient for the induction of replicative senescence in vitro
and is a critical downstream target of the tumor suppressor p53 (12, 31).
The contribution of PAI-1 to cellular senescence is broadly relevant
in the organism as a whole, and age-dependent increases in plasma
PAI-1 levels have been identified in wild-type mice as they age, murine
models of accelerated aging (Klotho and BubR1H/H), and humans
(29, 32, 33). Partial PAI-1 deficiency in Klotho-deficient animals
extended median survival nearly threefold with preserved telomere
length and substantial protection against aging-like pathology in vari-
ous organs (13). Both genetic and pharmacological inhibition of PAI-1
protected against the development of hypertension and arteriosclerosis
and was associated with longer telomere length in mice treated with
long-term nitric oxide synthase inhibition (34). These preclinical data
are consistentwith our findings of a longer LTL and a greater life span in
carriers of the null SERPINE1 allele in humans.

Metabolism plays a fundamental role in the biology of aging, and
insulin and insulin-like growth factor 1 (IGF1) are widely endorsed
as critical contributors to senescence and aging in several experimental
models (for example, flies, worms, and mammals) (35). Potential anti-
aging interventions have focused on caloric restriction and drugs with
metabolic effects, including metformin and resveratrol, all of which
mechanistically intersect in reducing PAI-1 expression (36–38). Con-
versely, PAI-1 production is enhanced by insulin, free fatty acids, and
glucose (39–41). In addition, PAI-1 impairs the proteolytic degradation
of IGF-binding protein–3 (IGFBP3) and IGF1, both of which are capa-
ble of initiating cellular senescence (42, 43). In observational human
studies, PAI-1 levels were higher in obesity and insulin resistance and
independently predicted the future development of type 2 DM (15, 44).
In the only GWAS of circulating PAI-1 in 19,599 participants, a
genotype-phenotype analysis identified a significant association be-
tween single-nucleotide polymorphisms (SNPs) that regulate PAI-1 and
type 2 DM (45). Further, Mendelian randomization analyses from large
GWAS studies support a casual role for PAI-1 and hyperglycemia (16).
Here, we demonstrate that SERPINE1 null carriers have lower fasting
insulin levels and lower prevalence of type 2 DM, and in a diverse U.S.
population–based study (CARDIA), we demonstrate that circulating
PAI-1 levels are strongly correlated with fasting insulin levels.

Our findings from the only known PAI-1–deficient kindred provide
the first example of a private gene mutation on age-dependent molec-
ular andmetabolic changes in humans.Whole-genome sequencing and
GWAS for healthy aging and life span have had limited success in iden-
tifying associated genetic loci, supporting the value of rare genetic var-
iants (such as the one described here) in understanding biological
mechanisms that regulate aging and life span (46–48). The genetic
mechanism of PAI-1 deficiency in the Berne Amish kindred is ex-
plained by the presence of a dinucleotide insertion (TA) within the
coding sequence of the PAI-1 gene (exon 4), resulting in a frameshift
mutation and formation of a premature stop codon and the synthesis of
a truncated, nonfunctional PAI-1 protein. This frameshift mutation has
not been identified in the general population based on the sequence data
publicly available for review from 60,706 unrelated individuals in the
Exome Aggregation Consortium (ExAC). Ten distinct loss-of-function
mutations, including three frameshift mutations, are reported in the
ExAC database in SERPINE1 and have exceedingly rare mutated allele
Khan et al., Sci. Adv. 2017;3 : eaao1617 15 November 2017
prevalence ranging from 0.000008239 to 0.0005850 (49). Further, in
GWAS, SNPs account for no more than 3.7% of the total variation in
plasma PAI-1 levels beyond that of age and sex (45). Therefore, discov-
ery and validation of SERPINE1 SNPs in GWAS of longevity may be
difficult, given the limited contribution of these variants in the general
population to circulating PAI-1 levels, and highlight the strength of our
study with a large effect size on circulating PAI-1 levels as a result of a
loss-of-function mutation.

Additional longitudinal studies in this cohort will help inform
potential links between the null SERPINE1 mutation, metabolism,
and life span. Although there is a possibility that the SERPINE1muta-
tion segregates with other mutations that may contribute to the pheno-
type observed, the qualitative and quantitative effects we observed with
SERPINE1 heterozygosity in humans are fully concordant with the pre-
dicted effects observed in preclinical experimental models (13, 34). We
acknowledge that the generalizability of the findings identified heremay
be limited, given that this cohort carries a rare privatemutation, is func-
tionally isolated from the “modern world” in several ways, and appears
to be relatively healthierwhen compared to a general population sample
as represented by CARDIA. Average plasma PAI-1 levels even in un-
affected Amish participants without the null SERPINE1 allele were 50%
lower than participants enrolled in U.S. population–based cohorts such
as CARDIA and the Framingham Heart Study (50).

Use of small-molecule selective inhibitors of human PAI-1 or other
components of the SASP may be of interest in preventing or treating
age-related morbidities. Orally active PAI-1 inhibitors have already
completed extensive preclinical evaluation and are currently in early-
phase clinical testing in humans in Japan (34, 51). The absence of
bleeding complications in heterozygotes for the SERPINE1 mutation
in over 20 years of clinical observation suggests that therapeutic agents
that selectively reduce but incompletely inhibit PAI-1 activity may be
safe from a hemostatic perspective (17).

Our study has several limitations. First, our results are based on an
observational study and include limited assessments of LTL, metabolic
parameters and disease, and measures of cardiovascular structure and
function. Given the current lack of consensus regarding the quantitative
assessment of biological age, we developed novel composite scores of
aging that integrate age-dependent physiological measures of cardio-
vascular health including vascular structure and stiffness, subclinical
atherosclerosis, myocardial relaxation, and LTL (52, 53). Although we
demonstrate that our composite scores are significantly associated with
the 5-year cardiovascular outcomes in CARDIA, events are limited,
and these quantitative assessments should be replicated in additional
population-based cohorts with longer follow-up times. Second, although
the aging phenotype of homozygous individuals is certainly of interest,
these individuals are extremely rare in the kindred and relatively young
(all less than 34 years old), limiting any meaningful comparisons at
the present time. Therefore, we focused on the potential impact of
SERPINE1 heterozygosity and LTL in this study. Third, all of the het-
erozygous participants share a common ancestor in generation I from
the late 1800s, and this lends a possibility that other unidentified genetic
or epigenetic factors contribute to the present findings. To mitigate this
risk, we adjusted our analyses for relatedness in SOLAR (54).

In conclusion, our data indicate that PAI-1 is associated with a
number of parameters that may reflect biological aging, including
LTL, metabolism, and life span. Overall, our findings are the first to
identify the physiological association of a null mutation in PAI-1 with
LTL and life span in humans and suggest that PAI-1, a component of
the senescence-related secretome, may influence the aging process.
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MATERIALS AND METHODS
Amish study participants
This cross-sectional observational study was conducted in the OOA—a
founder population who originally settled in Berne, Indiana, which is
characterized by a homogeneous diet and lifestyle—and included par-
ticipants aged 18 years and older. The Institutional Review Board at the
Indiana Hemophilia and Thrombosis Center and the Northwestern
University approved the study protocol. A total of 450 individuals
was invited to participate in the study, and 177 individualswere enrolled
in the study. All study participants provided written informed consent
and were genotyped for the c.699_700dupTA frameshift mutation in
SERPINE1. For the primary analyses, participants homozygous for the
null SERPINE1 allele were excluded because of small numbers (n = 7)
and their relatively young age (18 to 34 years). The primary end point
of telomere length and the secondary end points of fasting insulin, di-
abetes status, and life span were prospectively selected.

Molecular markers and laboratory testing
Genotyping for SERPINE1 null mutation status was performed at the
University of Michigan with a preidentified primer for the presence of
the c.699_700dupTA frameshift mutation in the PAI-1 (SERPINE1)
gene. Genomic DNA isolated from peripheral blood leukocytes
(DNeasy Blood and Tissue kit, Qiagen) was used to measure relative
LTL by quantitative PCR and TRF length by Southern blot by blinded
technicians using previously described methods (55–57). Quantitative
PCR samples were run in triplicate, and Southern blot samples were
run in duplicate. The inter-assay coefficient of variation (CV) was
9.6% for relative LTL and 2.5% for mean TRF.

Plasma samples preserved in citrate were assayed for human PAI-1
total antigen with the Molecular Innovations PAI-1 ELISA (Molecular
Innovations) using BioTek Synergy HT Gen5 software (BioTek). All
samples were run in duplicate, and the mean of twomeasurements was
used. The intra-assay CVwas 6.15%, and the inter-assay CVwas 5.98%.
Metabolites (glucose and insulin) and cholesterol (total cholesterol,
HDL cholesterol, LDL cholesterol, and triglyceride) were measured in
morning fasting blood samples according to a standardized protocol in
the main laboratory at the Northwestern Memorial Hospital.

Cardiovascular assessment
All study participants underwent a comprehensive two-dimensional
echocardiographic examinationwithDoppler and tissueDoppler imag-
ing using a commercially available ultrasound system with harmonic
imaging (Vivid 7 or Vivid i, GE Healthcare) and a 3.5-MHz transducer
(GE Healthcare) by blinded sonographers. Cardiac structure and
function were quantified as recommended by the American Society
of Echocardiography (ASE) (58). Deidentified images were copied in
RAW format and analyzed offline using GE EchoPAC software version
7.0.0 (GE Healthcare). All measurements were made by a single
experienced research sonographer and verified by an experienced inves-
tigator with expertise in echocardiography (both blinded to clinical data
and genotype status) according to the guidelines of the ASE.

Carotid imaging was performed by an experienced sonographer
blinded to genotype status using a commercially available ultrasound
Khan et al., Sci. Adv. 2017;3 : eaao1617 15 November 2017
machine (Vivid 7 or Vivid i, GE Healthcare) and an 8-MHz transducer
(GE Healthcare). Deidentified images were copied in RAW format for
offline analysis and analyzed using GE EchoPAC software version 7.0.0
(GE Healthcare). All measurements were performed by a single
experienced research sonographer and verified by an experienced inves-
tigator (both blinded to clinical data and genotype status). IMT mea-
surements were performed using GE’s semiautomated edge detection
method according to the ASE recommendations (59).

Genealogical information and life span
Detailed genealogic data spanning three generations were obtained
from each participant. The pedigree was supplemented by an extensive
fieldwork to fill in available birth and death dates andwas used to adjust
for family relatedness by calculation of kinship matrix for each of our
enrolled participants in the SOLAR polygenic models. We additionally
used ancestral data from the extended pedigree for life-span analysis.
We restricted our life-span analysis to individuals known to have died
at the age of ≥45 years to minimize the potential bias from premature
cause of death, including infection, accidental trauma, and childbirth, as
previously described in similar analyses (60).

Validation of composite aging scores
We sought to validate the biological aging composite scores in a gen-
eralized U.S. population using the CARDIA study. The CARDIA study
is a multicenter, community-based longitudinal cohort study designed
to investigate the risk factors for the development of CVD. In 1985–
1986, 5115 black and white men and women aged 18 to 30 years were
recruited from four urban sites across the United States (Birmingham,
AL; Chicago, IL; Minneapolis, MN; and Oakland, CA). Recruitment
was balanced within each center by sex, age, race, and education. The
CARDIA participants have been followed for more than 30 years with
collection of detailed demographic and clinical data. All participants
provided written informed consent at each examination, and institu-
tional review boards from each field center and the coordinating center
approved the study annually. Detailed descriptions of the study design
and conduct had been previously published (61). For this analysis, all
participants who attended the year-25 examination and had available
data for components of composite scores 1 and 2 were included (N =
2793). A subset of participants who also had data for composite score 3
(n = 892) were also examined separately.

Statistical analysis
We compared baseline demographics between heterozygous and un-
affected participants with adjustment for family structure. We used
polygenic models adjusted for age, sex, and family structure to deter-
mine the association of heterozygosity in SERPINE1 with LTL as the
primary end point, asmeasured by quantitative PCR and Southern blot.
We estimated heritability (h2) defined as the proportion of total varia-
tion explained by additive genetic effects for LTL. We also investigated
the association of SERPINE1 status with parameters of metabolism, in-
cluding fasting insulin and the prevalence of type 2 DM and life span.
Composite scores of aging were created by the summation of standard-
ized z scores among aging-related characteristics that had the highest
values for Pearson correlation with chronological age (|R| > 0.5).
Composite score 1 included log-transformed brachial pulse pressure,
tissue Doppler e′ velocity (a marker of left ventricular relaxation), and
log-transformed average carotid IMT. Composite score 2 included
components in score 1 and fasting insulin, and composite score 3 in-
cluded components of score 2 and LTL. The three composite aging
6 of 8
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scores were validated in a generalized U.S. population using the
CARDIA study.

Supplemental descriptive analysis was performed including the
homozygous participants (n = 7) with limited power given their small
sample size and young age. Polygenic analyses were conducted using
SOLAR (version 8.1.1; Southwest Foundation for Biomedical Research).
All other analyses were conducted using SAS software version 9.4 (SAS
Institute). Two-sided P values <0.05 were considered to be statistically
significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/11/eaao1617/DC1
Supplementary Materials and Methods
table S1. Clinical characteristics of homozygous participants for the null SERPINE1 mutation.
table S2. Association of null SERPINE1 mutant allele status with PAI-1, telomere length, and
fasting insulin: secondary analyses.
table S3. Association of cardiometabolic aging composite scores with 5-year CVD morbidity
and mortality in the CARDIA cohort (n = 2793).
table S4. Association of biological aging composite scores including telomere length with 5-year
CVD morbidity and mortality in the CARDIA cohort (n = 872).
fig. S1. Abbreviated pedigree of the Berne Amish kindred.
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