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ABSTRACT
Background: Spermidine administration is linked to increased
survival in several animal models.
Objective: The aim of this study was to test the potential association
between spermidine content in diet and mortality in humans.
Design: This prospective community-based cohort study included
829 participants aged 45–84 y, 49.9% of whom were male. Diet
was assessed by repeated dietitian-administered validated food-
frequency questionnaires (2540 assessments) in 1995, 2000, 2005,
and 2010. During follow-up between 1995 and 2015, 341 deaths
occurred.
Results: All-cause mortality (deaths per 1000 person-years) de-
creased across thirds of increasing spermidine intake from 40.5
(95% CI: 36.1, 44.7) to 23.7 (95% CI: 20.0, 27.0) and 15.1
(95% CI: 12.6, 17.8), corresponding to an age-, sex- and caloric
intake–adjusted 20-y cumulative mortality incidence of 0.48 (95%
CI: 0.45, 0.51), 0.41 (95% CI: 0.38, 0.45), and 0.38 (95% CI:
0.34, 0.41), respectively. The age-, sex- and caloric ratio–adjusted
HR for all-cause death per 1-SD higher spermidine intake was
0.74 (95% CI: 0.66, 0.83; P < 0.001). Further adjustment for
lifestyle factors, established predictors of mortality, and other
dietary features yielded an HR of 0.76 (95% CI: 0.67, 0.86;
P < 0.001). The association was consistent in subgroups, robust
against unmeasured confounding, and independently validated in the
Salzburg Atherosclerosis Prevention Program in Subjects at High
Individual Risk (SAPHIR) Study (age-, sex-, and caloric ratio–
adjusted HR per 1-SD higher spermidine intake: 0.71; 95% CI: 0.53,
0.95; P = 0.019). The difference in mortality risk between the top
and bottom third of spermidine intakes was similar to that associated
with a 5.7-y (95% CI: 3.6, 8.1 y) younger age.

Conclusion:Our findings lend epidemiologic support to the concept
that nutrition rich in spermidine is linked to increased survival
in humans. This trial was registered at www.clinicaltrials.gov as
NCT03378843. Am J Clin Nutr 2018;108:371–380.

Keywords: polyamines, spermidine, life span, cancer, vascular
disease

INTRODUCTION

Spermidine is the most abundant polyamine in a majority of
different human tissues, with intracellular spermidine concen-
trations declining during the natural course of organismal aging
(1–3). Conversely, the administration of spermidine is linked to
increased survival of yeast, worms, flies, and human immune cells
and reduces age-associated mortality in mice (Supplemental
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FIGURE 1 Sources of spermidine, spermidine metabolism, and potential lifetime-prolonging effects of spermidine in humans. Spermidine homeostasis
is subject of elaborate regulation involving nutritional uptake, intestinal synthesis by the gut microbiota, endogenous biosynthesis, degradation, and active
transporter systems between compartments (1, 2, 6, 8). Spermidine and caloric restriction both result in histone hypo-acetylation with chromatin silencing either
by sirtuin-mediated activation of histone deacetylases (caloric restriction) or by inhibition of the histone acyl transferase (spermidine) (5, 9–11). Spermidine
exerts autophagy-dependent antiaging properties both at the cytosolic and nuclear levels. Spermidine was shown to interfere with lipid metabolism, suppress
harmful inflammatory processes, lower blood pressure, confer cardiac protection, and exert antiplatelet effects (4, 12–16). Ac, acetyl; NO, nitric oxide; TAG,
triacylglycerol.

Table 1) (2–7). Very high spermidine concentrations in sperm
fluid may prevent cell senescence and confer long-term survival
to germ cell lines. Spermidine homeostasis is influenced by
nutritional uptake, intestinal sources (microbiota) (6), endoge-
nous biosynthesis, degradation, and active transporter systems
between compartments (Figure 1) (1, 2, 8).

Spermidine is the polyamine most readily absorbed from the
human gut. A broad and diverse palette of foods contain high
amounts of spermidine (17, 18), such as fresh green pepper, wheat
germ, cauliflower, broccoli, mushrooms, and a variety of cheeses,
whereas even higher amounts are found in soybean products
such as natto, shitake mushrooms, amaranth grain, and durian
(19). In the current study, we analyzed the potential association
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between dietary spermidine intake and mortality in the general
community.

METHODS

Study participants

The Bruneck Study is a prospective, population-based cohort
study. Its study population was enrolled in 1990 as an age-
and sex-stratified random sample of all inhabitants of Bruneck
(Bolzano Province, Italy) aged 40–79 y (125 women and 125
men in each of the fifth to eighth decades of life; n = 1000)
and re-evaluations were scheduled every 5 y since 1990 (20–
24). The population is exclusively white and is unique for
its participation and in-person follow-up rates >90% (20–24),
facilitated by annual population mobility proportions as low as
0.2%. Moreover, for all participants, full medical records from
general practitioners and Bruneck Hospital, the only hospital in
the region, were available for review. For this analysis, we defined
the baseline as the year of the first detailed dietary assessment
(1995) involving 829 women and men aged 45–84 y with a
follow-up of 20 y (1995–2015; Supplemental Figure 1). The
study protocol conformed to the Declaration of Helsinki and was
approved by the local ethics committees (Bolzano and Verona).
Participants gave their written informed consent and did not
receive financial compensation. Participant characteristics were
assessed by standard procedures (20–24) detailed in the online
supporting material (page 3).

https://academic.oup.com/ajcn/
mailto:stefan.kiechl@i-med.ac.at).
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The Salzburg Atherosclerosis Prevention Program in Subjects
at High Individual Risk (SAPHIR) Study served as a prospective
replication cohort. A total of 1770 healthy unrelated participants
(663 women and 1107 men aged 39–67 y) were recruited by
health-screening programs in large companies in and around the
city of Salzburg. The cohort was examined in the years 1999–
2002, with follow-up for deaths until September 2013 (median
follow-up: 12.8 y) (25, 26). The current trial was registered at
www.clinicaltrials.gov as NCT03378843.

Dietary assessment

Dietary intake was evaluated by quinquennial (1995, 2000,
2005, and 2010) dietitian-administered 118-item food-frequency
questionnaires (FFQs) on the basis of the gold-standard FFQ by
Willett et al. (27) and adapted to the dietary habits in the survey
area (for details and validation, see Supplemental Tables 2–4).
FFQs were available from 829 individuals who provided 2540
individual assessments. For each item in the FFQ, a common
unit or portion size was specified, and we instructed participants
to customize how often, on average, they had consumed that
amount in the past years. The 9 response categories ranged
from “never” to “≥6 times/d.” We calculated nutritional intake
by assigning a weight proportional to the frequency of use
for each food (1 time/d equals a weight of 1), multiplying
this weight by the nutrient value for the specified size, and
summing the contribution of all foods. Nutrient-composition
data for foods were based on the USDA Nutrient Database
(release 23) (28). We compiled a special nutrient database for
polyamines (Supplemental Table 4). Dietitians made use of
illustrative photos of foods when exploring aphasic patients and
of information provided by spouses, caregivers, and nursing
homes. We dissected complex foods into component foods
utilizing common recipes. An open-ended section inquired about
foods not considered in the FFQ that were consumed≥1 time/wk
and various kinds of nutritional supplements.

To obtain the best estimate of long-term nutritional intakes
and to minimize effects of within-person variation, we used
the cumulative update method, which takes the average of all
previous data (29). Accordingly, dietary spermidine estimated
in 1995 was used to predict events occurring between 1995
and 2000, the average of dietary spermidine estimated in 1995
and 2000 was used to predict events occurring between 2000 and
2005, and the average of dietary spermidine estimated in 1995,
2000, and 2005 was used to predict events occurring between
2005 and 2010. Subsidiary analyses that suspended further
updating after the manifestation of cancer, vascular disease, or
diabetes yielded very similar results. Further sensitivity analyses
focused on baseline spermidine intake only or performed
a noncumulative update. Estimates of polyamines and other
nutrient intake were calorie adjusted unless specified otherwise.
For that purpose, we used the residuals obtained by regressing
polyamine or other nutrient intake on total energy intake (30).

We also calculated the ratio of calorie intake to energy
expenditure, termed “caloric ratio,” throughout the article. This
ratio reflects caloric excess or restriction, one of few dietary
features convincingly linked to health span and possibly life span
in humans (3).

The reproducibility and validity of the original FFQ are well
documented (27) and extend to its application in the Bruneck

Study. A comparison with 9-d diet records is depicted in
Supplemental Table 2 and shows a reasonable level of agreement.
As expected, dietary patterns remained stable over time (Supple-
mental Table 3). Accordingly, under most circumstances, point
estimates adequately reflect medium-term dietary intake. The
average correlation of spermidine intake in the 4 quinquennial
assessments was 0.54. Dietary assessment in the SAPHIR study
relied on a 69-item FFQ and the Nutrient Database for Germany
but otherwise used the same methodologic standards.

Ascertainment of causes of death

In the Bruneck Study, we collected detailed information
on the date, causes, and circumstances of death for all study
participants who did not survive the entire follow-up period by
consulting death certificates, all medical records ever compiled
on study participants, and autopsy reports in the rare event of
unexpected death. We were able to ascertain 100% of deaths
and reliably classify them as vascular deaths, cancer deaths, or
deaths from other causes. Classification details are summarized
in Supplemental Table 5. The experienced researcher who
categorized all deaths was unaware of the dietary data. Our focus
was on the primary cause of death.

In SAPHIR, ascertainment of death relied on the review
of hospital records and information from the Austrian Death
Registry (Statistics Austria). Follow-up was complete except for
a presumably low proportion of expatriates.

Statistical analysis

We estimated the conditional 20-y cumulative incidence of
all-cause death in thirds of spermidine intake with adjustment
for age, sex, and caloric intake with the use of parametric
survival analysis with inverse probability weighting and present
parametric survival curves based on flexible Parmar-Royston
spline-based models and nonparametric Kaplan-Meier curves
(31, 32). Cox proportional hazards models with time-varying
covariates were used to estimate HRs and 95% CIs for the
association between spermidine intake and death. No departure
from the proportional hazards assumption was detected when
inspecting Schoenfeld residuals and checking the parallelity of
log-log survival plots. Our primary endpoint was death from any
cause. In analyses focusing on cause-specific deaths, participant
data were censored if the participant died from other causes.
This approach produces HRs for each cause of death that are
etiologically interpretable (33, 34). In addition to these cause-
specific hazard models, Fine-Gray subdistribution hazard models
were fitted (35). Both approaches account for competing risks
(36).

We modeled spermidine intake as a categorical or continuous
variable (after loge-transformation) and used restricted cubic
splines to detect potential nonlinearities. All of the analyses
were adjusted for age, sex, and “caloric ratio.” Multivariable
analyses additionally included well-established risk factors and
determinants of death such as socioeconomic status, BMI,
smoking, diabetes, hypertension, and aspirin medication (all with
updates every 5 y) and features of lifestyle and diet such as
physical activity and alcohol consumption (both with cumulative
updates every 5 y).

http://www.clinicaltrials.gov
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TABLE 1
Characteristics of the study population according to dietary spermidine intake in the Bruneck Study1

Spermidine intake

Characteristic Tertile 1 (<62.2 µmol/d) Tertile 2 (62.2–79.8 µmol/d) Tertile 3 (>79.8 µmol/d) P

Age, y 69.0 ± 10.8 66.6 ± 10.3 64.7 ± 10.2 <0.001
Female sex, n (%) 322 (38.0) 458 (54.1) 539 (63.6) <0.001
Caloric ratio,2 kcal:kcal 1.11 ± 0.40 1.06 ± 0.39 1.05 ± 0.37 0.002
Low social status, n (%) 565 (66.7) 482 (57.0) 414 (48.8) <0.001
Physical activity, MET-h/wk 42.4 ± 35.9 49.9 ± 35.1 53.9 ± 35.8 <0.001
BMI, kg/m2 25.7 ± 3.8 25.9 ± 4.1 25.8 ± 4.0 0.52
Current smoker, n (%) 158 (18.7) 151 (17.9) 96 (11.3) <0.001
Alcohol intake, g/d 26.7 ± 29.2 20.5 ± 20.6 14.3 ± 16.0 <0.001
Diabetes, n (%) 50 (5.9) 62 (7.3) 85 (10.1) 0.002
Hypertension, n (%) 434 (51.3) 434 (51.4) 443 (52.4) 0.86
Aspirin medication, n (%) 143 (16.9) 162 (19.2) 153 (18.2) 0.46
Red/processed meat, servings/d 0.71 ± 0.46 0.61 ± 0.40 0.54 ± 0.36 <0.001
Fruit/vegetables, servings/d 3.29 ± 1.19 4.46 ± 1.31 6.01 ± 2.06 <0.001
Dairy products, servings/d 2.69 ± 1.60 2.45 ± 1.28 2.45 ± 1.34 <0.001
Glycemic load 137 ± 29 141 ± 25 146 ± 22 <0.001
Alternative Healthy Eating Index 31.2 ± 6.1 36.7 ± 6.6 40.9 ± 7.6 <0.001

1Values are means ± SDs unless otherwise indicated. Values for all variables except for age and sex are age and sex standardized. MET, metabolic
equivalent of task.

2The caloric ratio was calculated as the ratio of caloric intake to energy expenditure (online supporting material, page 3) and reflects caloric excess or
restriction.

To substantiate our findings, we conducted a number of
subsidiary analyses:

1) We excluded the initial 5 y of follow-up to address the
concern of reverse causation.

2) We additionally adjusted for a propensity score that
reflected associations of spermidine intake with macronu-
trients (total fat, carbohydrate, and protein consumption),
composite categories of food items (calorie-adjusted intake
of red/processed meat, vegetables/fruit, and dairy prod-
ucts), glycemic load, and total fiber.

3) We estimated the confounding effect of individual foods
rich in spermidine.

4) To further minimize the potential of confounding by
healthy diet and lifestyle, we substituted the ratio of
spermidine to overall polyamine intake for spermidine
intake and also adjusted for the Alternative Healthy Eating
Index (online supporting material, page 4) (37). Because
spermidine intake is presumably part of a healthy diet, this
analysis is expected to yield conservative risk estimates.

5) We examined the robustness of our results from the
influence of unmeasured confounding (38) and corrected
for measurement error in spermidine intake and covariates
by means of regression calibration and data from our
validation study (39).

Finally, we compared the effect size on survival associated
with low compared with high spermidine intake (comparison
of extreme thirds) and that associated with chronological age
by comparing the relevant β coefficients extracted from an
age-, sex- and caloric ratio–adjusted model (with CIs calculated
by using the bootstrap with 10,000 replications).

All P values are 2-sided, and an α level of 0.05 was used.
Analyses were conducted with the use of R 3.2.2 (R Foundation
for Statistical Computing) and the packages survival, flexsurv,
obsSens, and cmprsk.

RESULTS

Spermidine intake

Spermidine intake was greater in women than in men and
declined with age (Supplemental Table 6), but did not change
with calendar time independent of age and sex (P = 0.138).
Spermidine’s share in overall polyamine intake amounted to
26.0% (95% CI: 21.2%, 31.1%). The main sources of spermidine
intake in the Bruneck Study were whole grains (13.4% of total),
apples and pears (13.3%), salad (9.8%), vegetable sprouts (7.3%),
and potatoes (6.4%) (Supplemental Figure 2). Characteristics
of the study population according to spermidine intake (tertile
groups) are shown in Table 1.

Spermidine intake and mortality

During 13,019 person-years at risk, 341 deaths were recorded
(median time to death: 9.8 y): 137 from vascular disease, 94
from cancer, and 110 from other causes. The crude overall rates
(95%CIs) of death significantly decreased across tertile groups of
increasing spermidine intake: 40.5 (36.1, 44.7), 23.7 (20.0, 27.0),
and 15.1 (12.6, 17.8) per 1000 person-years corresponding to an
age-, sex- and caloric intake–adjusted 20-y cumulative incidence
of death of 0.48 (0.5, 0.51), 0.41 (0.38, 0.45), and 0.38 (0.34,
0.41) (Table 2, Supplemental Figure 3).

The inverse association between spermidine intake and all-
cause mortality remained significant under progressive adjust-
ment: respective HRs (95% CIs) for a 1-SD higher spermidine
intake in unadjusted; age-, sex-, and caloric ratio adjusted; and
further multivariable adjusted models were 0.62 (0.55, 0.69),
P < 0.001; 0.74 (0.66, 0.83), P < 0.001; and 0.76 (0.67, 0.86),
P < 0.001] (Table 2). The inverse association was of a linear
dose-response type (P-nonlinear = 0.71 by penalized cubic
splines).
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TABLE 2
Total mortality according to dietary polyamine intake1

Tertile Entire group

Tertile 1 Tertile 3 Per 1-SD higher
(low intake) Tertile 2 (high intake) P intake P

Spermidine group
Person-years, n 4227 4353 4439 — — —
Deaths, n 171 103 67 — — —
Incidence rate per 1000 person-years 40.5 (36.1, 44.7) 23.7 (20.0, 27.0) 15.1 (12.6, 17.8) — — —
Twenty-year cumulative incidence of death:

age-, sex-, and caloric intake–adjusted
0.48 (0.45, 0.51) 0.41 (0.38, 0.45) 0.38 (0.34, 0.41) — — —

Unadjusted HR 1.00 0.57 (0.45, 0.73) 0.37 (0.28, 0.49) <0.001 0.62 (0.55, 0.69) <0.001
Age-, sex-, caloric ratio–adjusted HR 1.00 0.77 (0.60, 0.99) 0.56 (0.42, 0.74) <0.001 0.74 (0.66, 0.83) <0.001
Age-, sex-, caloric ratio–adjusted HR: baseline

spermidine intake
1.00 0.80 (0.62, 1.03) 0.61 (0.47, 0.81) <0.001 0.75 (0.67, 0.83) <0.001

Age-, sex-, caloric ratio–adjusted HR:
noncumulative update

1.00 0.79 (0.62, 1.01) 0.63 (0.47, 0.83) <0.001 0.80 (0.71, 0.89) <0.001

Multivariable-adjusted HR2 1.00 0.82 (0.63, 1.05) 0.61 (0.45, 0.83) 0.002 0.76 (0.67, 0.86) <0.001
Multivariable-adjusted HR: baseline spermidine

intake2
1.00 0.83 (0.64, 1.08) 0.70 (0.52, 0.94) 0.002 0.78 (0.69, 0.88) <0.001

Multivariable-adjusted HR: additional
adjustment3

1.00 0.92 (0.67, 1.25) 0.76 (0.49, 1.18) 0.23 0.73 (0.60, 0.90) 0.004

Multivariable-adjusted HR: first 5 y of
follow-up excluded2

1.00 0.76 (0.56, 1.02) 0.55 (0.39, 0.79) 0.001 0.72 (0.62, 0.84) <0.001

Multivariable-adjusted HR:
spermidine-to-polyamine ratio2,4

1.00 0.64 (0.49, 0.84) 0.61 (0.45, 0.81) <0.001 0.76 (0.67, 0.87) <0.001

Multivariable-adjusted HR:
spermidine-to-polyamine ratio and AHEI
adjustment2,4

1.00 0.72 (0.55, 0.95) 0.69 (0.51, 0.93) 0.014 0.83 (0.73, 0.94) 0.004

Spermine group
Age-, sex-, caloric ratio–adjusted HR 1.00 0.84 (0.65, 1.08) 0.84 (0.65, 1.08) 0.175 0.90 (0.81, 1.00) 0.048
Multivariable-adjusted HR2 1.00 0.87 (0.67, 1.12) 0.83 (0.64, 1.09) 0.174 0.89 (0.80, 0.99) 0.039

Putrescine group
Age-, sex-, caloric ratio–adjusted HR 1.00 0.85 (0.66, 1.11) 1.01 (0.78, 1.31) 0.95 1.01 (0.91, 1.12) 0.90
Multivariable-adjusted HR2 1.00 0.81 (0.62, 1.07) 1.01 (0.77, 1.32) 0.90 1.02 (0.91, 1.14) 0.78

1Values are HRs (95% CIs) or n (%) unless otherwise indicated. Person-years of follow-up for each participant were accrued from the 1995 baseline until
death or 31 October 2015; 95% CIs for crude incidence rates were computed as bias-corrected accelerated bootstrap CIs. The 20-y cumulative incidence of all-
cause death in thirds of spermidine intake was estimated by using parametric survival analysis, accounting for age, sex, and caloric intake by inverse probability
weighting. HRs (95% CIs) were derived from Cox regression analysis with time-varying covariates (updated every 5 y) and calculated for tertile groups
(columns 2–4; P-trend across tertile groups in column 5) or a 1-SD higher loge-transformed calorie-adjusted cumulatively updated spermidine intake, which
corresponds to a 37.6% higher intake (column 6 with corresponding P values in column 7). Sensitivity analyses used a noncumulative update of spermidine
intake or focused on baseline spermidine intake only. AHEI, Alternative Healthy Eating Index.

2Analyses were adjusted for age, sex, and the caloric ratio (variable reflecting caloric excess or restriction). The multivariable models were additionally
adjusted for socioeconomic status, physical activity level, alcohol consumption (grams per day), BMI, smoking, diabetes, hypertension, and aspirin medication.
For units of covariates, see Table 1.

3Additionally adjusted for a propensity score that reflected associations between spermidine intake and macronutrients (total fat, carbohydrate, and protein
consumption expressed as percentage of calorie intake), composite categories of food items (calorie-adjusted intake of red/processed meat, vegetables/fruit,
and dairy products), glycemic load, and total fiber.

4We substituted the ratio of spermidine to overall polyamine intake for spermidine intake and also adjusted for the AHEI.

Compared with participants in the bottom third of spermidine
intake, the age-, sex-, and caloric ratio–adjusted HRs (95% CIs)
of participants in the middle and top third were 0.77 (0.60,
0.99) and 0.56 (0.42, 0.74) and corresponding multivariable-
adjusted HRs were 0.82 (0.63, 1.05) and 0.61 (0.45, 0.83)
(P-trend < 0.001 and 0.002). This reduction in mortality risk
equaled the effect attributable to a 5.7-y (95% CI: 3.6, 8.1 y)
difference in chronological age. Supplemental Figure 4 shows
P values for the associations between 146 nutrients and all-cause
mortality.

Findings were not appreciably different when focusing on
baseline spermidine intake rather than cumulatively updated

values (Table 2) and baseline spermidine intake was associated
with mortality over the entire follow-up [i.e., age-, sex-, caloric
ratio–adjusted HRs (95% CIs) were 0.81 (0.65, 1.01) for deaths
occurring between 1995 and 2000, 0.73 (0.59, 0.91) for 2000–
2005, 0.69 (0.55, 0.87) for 2005–2010, and 0.72 (0.56, 0.91) for
2010–2015].

Subgroup and sensitivity analyses

The inverse relation between spermidine intake and all-
cause mortality was stable in women, men, and numerous
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FIGURE 2 HRs for all-cause mortality according to spermidine intake in subgroups. The HRs presented are for a 1-SD higher spermidine intake. Physical
activity level was considered high if participants exercised ≥42 metabolic-equivalent hours/wk. The AHEI cutoff was chosen on the basis of the mode of the
AHEI distribution. Results were calculated with the use of Cox regression. AHEI, Alternative Healthy Eating Index.

subgroups (Figure 2). Analyses excluding the initial 5 y of
follow-up or additionally adjusting for a variety of lifestyle
and dietary characteristics yielded similar results (Table 2).
Moreover, we found no relevant attenuation of the association of
spermidine with mortality when adjusting for individual foods
that contributed to total spermidine intake, whereas beneficial
effects of whole grains and several fruit and vegetables declined
under adjustment for spermidine intake (Supplemental Table 7).
Lower spermidine intake at older ages was, in part, attributable
to decreased salad consumption and adjustment for salad also
had no relevant effect on the key association (Supplemental
Table 7). Moreover, there was no evidence of a differential
association between spermidine and mortality dependent on
the dietary origin of spermidine (data not shown). Correction

for measurement error increased the magnitude of association
between spermidine intake and mortality (age-, sex-, and caloric
ratio–adjusted HR: 0.60; 95% CI: 0.50, 0.74), whereas the
use of the spermidine-to-polyamine ratio and control for the
Alternate Healthy Eating Index resulted in weakened, yet still
significant, associations (Table 2). Potential effects of a hypo-
thetical unmeasured confounder are shown in Supplemental
Table 8 with the putative confounder characterized by its corre-
lation with spermidine intake (r= 0.0–1.0; rows) and association
with mortality (HRs: 1.0–0.5; columns). This sensitivity analysis
indicates that only a confounder strongly associated with both
mortality (e.g., HR = 0.6) and spermidine intake (e.g., r = 0.4)
could pretend an association of the observed strength in the
absence of a true association.
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FIGURE 3 HRs for cause-specific mortality according to spermidine
intake in the Bruneck Study. HRs (95% CIs) were calculated for a 1-SD
higher spermidine intake with adjustment for age, sex, and caloric ratio.
Results are from cause-specific hazard models (solid squares) and Fine-Gray
subdistribution hazard models (open squares) accounting for competing risks
of death. Cause-specific HRs are the preferred choice for studying disease
etiology (our main focus), whereas subdistribution HRs are better suited for
the prediction of individual risks. The Fine-Gray models rely on baseline
spermidine intake only because time-varying variables cannot be modeled in
this setting, whereas cause-specific Cox models rely on cumulatively updated
spermidine intake.

Spermidine intake was inversely related to all major causes
of death; however, more endpoints would be required to draw
definite conclusions. Figure 3 and Supplemental Table 5 depict
cause-specific HRs, and Figure 3 also presents data from Fine-
Gray subdistribution hazard models.

No associations were observed for putrescine (Table 2)
and arginine or methionine intakes (data not shown), which
are natural sources (i.e., metabolic precursors) of endogenous
polyamine synthesis. Spermine intake showed weak inverse
associations and the association for all-cause mortality was
significant (Table 2).

External replication

In the SAPHIR study, spermidine intake was quantitatively
similar to that observed in the Bruneck Study (geometric mean:
74.5 µmol/d) and higher in women (P< 0.001). The contribution
of individual foods to spermidine intake in SAPHIR compared
with the Bruneck Study was nearly identical for salad (10.8%),
potatoes (6.6%), and fruit (24.1%) but lower for whole grains
(6.5%) and higher for vegetables other than salad (30.5%). A total
of 48 participants died: 7 from vascular disease, 29 from cancer,
and 12 from other causes. Spermidine intake was inversely
related to mortality with age-, sex-, and caloric ratio–adjusted and
multivariable HRs (95% CIs) per 1-SD unit of higher spermidine
intake of 0.71 (0.53, 0.95) and 0.74 (0.56, 0.99), which is similar
to the estimates generated in the Bruneck Study (Supplemental
Table 9).

Caloric ratio and mortality

In both the Bruneck and SAPHIR studies, low caloric ratio, a
measure of caloric restriction, exhibited significant associations
with all-cause mortality [age- and sex-adjusted HRs (95% CIs)

for a 1-SD lower caloric ratio: 0.86 (0.78, 0.94) and 0.69 (0.56,
0.85); P = 0.001 and P < 0.001, respectively], which remained
significant after adjustment for spermidine intake.

DISCUSSION

Spermidine and life span

Determinants of increased survival are of great historical
and current interest (3) and potential effects of nutritional
interventions on survival have been extensively studied in short-
lived model organisms and human cell lines, including caloric
restriction of ∼30% beneath the level of ad libitum feeding
and spermidine supplementation (3). Both interventions similarly
reduced the acetylation of multiple cellular proteins including
histones (and hence transcriptional programs) and cytoplasmic
enzymes (and hence metabolic functions), processes critical
for cell homeostasis in aging and starvation (Figure 1) (5, 9–
10), and effectively induced autophagy, a cytoprotective self-
digestive process and key to longevity (5, 40, 41). Although
there is some reason to assume that caloric restriction favors
healthy aging in humans (42), a concept also corroborated by the
current analyses, no respective data have so far been available for
spermidine.

To our knowledge, our study is the first to show an inverse
relation between the amount of dietary spermidine intake and
all-cause mortality in the general community (Table 2). The
association emerged as independent of other determinants of
longevity and lifestyle. The survival advantage was driven by a
reduced risk of death from all major causes. The key association
was highly consistent in subgroups (Figure 2) and successfully
replicated in an independent cohort from the same geographical
region. It exhibited a linear dose-response type and particular
strength. Spermidine showed the strongest inverse relation with
mortality among 146 nutrients studied (Supplemental Figure 4).
The reduction in mortality risk related to a diet rich in spermidine
(top compared with bottom third of spermidine intake) was
comparable to that associated with a 5.7-y younger age. All of
the findings apply to spermidine from dietary sources and to
amounts characteristically found in the Western diet and cannot
readily be extrapolated to high-dose spermidine supplementation
or extreme diets.

To minimize the risk of residual confounding by lifestyle
and dietary patterns related to polyamine intake, additional
analyses were carefully adjusted for multiple features of diet
(composite categories of food item, macronutrients, individual
foods, and indexes of a healthy or unhealthy diet), but none
of these approaches attenuated the key association. Moreover,
the spermidine-mortality association emerged as robust from
the influence of unmeasured confounding and did not extend to
putrescine, another major polyamine contained in many healthy
foods (see below). Finally, we provide evidence against reverse
causation and corrected for measurement error.

Our human data are appealing in view of the rapidly expanding
knowledge about potential favorable effects of spermidine and
the solid experimental evidence linking spermidine intake with
a longer life span in model organisms, including mammals
(Supplemental Table 1). Increased survival after lifelong and
late-in-life oral supplementation of spermidine has recently been
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shown in mice (4). Previous experiments in mice achieved
increased survival by food supplementation with probiotics that
amplified gut microbiota polyamine synthesis or reduced midlife
mortality by a polyamine-rich diet in short-lived mouse strains
(6, 7).

Potential mechanistic links

Spermidine may be linked to survival by its capacity to
restore or induce efficient autophagy (5) and by other mech-
anisms (Figure 1). With regard to vascular disease, autophagy
assists in recycling damaged and potentially harmful cellular
material by sequestration within autophagosomes and lysosomal
digestion (43). It was reported to enhance resistance of cells
to stress conditions, clear dysfunctional mitochondria, curtail
inflammation, restore nitric oxide bioavailability (12), and reduce
arterial deposition of advanced glycation end-products in mice
(12). Other reports suggested antiplatelet effects of spermidine
in rabbits (13) and potential roles in antioxidative defense
in human endothelial cells (14) and lipid metabolism (15),
including lipid efflux from advanced plaques in mice (16).
A recent landmark study found blood pressure–lowering and
multiple cardioprotective effects of spermidine in mice and rats,
potentially mediated by enhanced global arginine bioavailability
and improved cardiac autophagy and mitophagy (4). Spermidine
supplementation delayed the development of hypertensive heart
disease and protected from hypertension-associated renal damage
in this study (4).

With regard to cancer, tumor-suppressive effects of autophagy
involve genomic stabilization, limitation of inflammation, and
facilitation of adequate immune responses against cancer cells
(43); and spermidine supplemented in drinking water was
shown to enhance anticancer immuno-surveillance in mice in an
autophagy-dependent manner (44). Initial research in knockout
and transgenic mice suggested that amplification of polyamine
synthesis is capable of promoting carcinogenesis (43); however,
current research in aged mice showed no elevated risk of cancer
upon spermidine feeding, but even lower rates of colon and some
other (6, 44, 45) tumors and consistent human data have been
published recently (46).

Moreover, polyamine production by the microbiota was shown
to suppress low-grade inflammation in the colon, restore colonic
barrier function, and protect against age-dependent memory
impairment in mice (6, 47). Oral administration of spermidine
protected flies against age-induced memory impairment (48, 49)
and alleviated experimental autoimmune encephalitis in a mouse
model of multiple sclerosis (50).

Other polyamines

The key association in our study applies to spermidine and, to
a lesser extent, to spermine, which may be converted into sper-
midine or vice versa, synthesized from spermidine by regulatory
circuits involving the enzyme spermine synthase (Table 2), but
not to putrescine. In this context, it has to be emphasized that
experiments convincingly linked spermidine (and spermine) to
increased survival but not putrescine (4). Moreover, spermidine
is the polyamine most readily absorbed from human gut without
intestinal metabolism (40–80%), whereas putrescine is almost

entirelymetabolized. Finally, there is strong evidence for separate
regulation of each of the 3 polyamines (1, 2, 51).

Merits and limitations

Strengths of our study include its population-based design,
long-term virtually complete follow-up, repeated and validated
high-quality assessment of diet (assisted by dietitians), careful as-
certainment of causes of death, and replication in an independent
cohort. There are limitations as well. Despite the considerable
efforts, bias due to complex measurement error and residual
confounding cannot be ruled out. Moreover, constraints inherent
to nutritional epidemiology apply to our study as well. These
include measurement error due to participants’ self-report of
diet and the nonconsideration of storage conditions and food
preparation for each food, which would be beyond the scope
of FFQs but may affect spermidine content. Finally, all of the
participants were white, and findings do not necessarily apply to
other ethnicities with different socioeconomic backgrounds and
demographic characteristics.

Conclusions

In summary, this study provides the first evidence, to
our knowledge, for an association between nutrition rich in
spermidine and increased survival in humans. These data add to
experimental findings that suggest longevity-inducing and health-
promoting effects of spermidine in model organisms and human
cell lines (2, 3, 5–7). If confirmed in future intervention trials, our
study may have implications for health education at a population
level advocating high spermidine content as a novel feature of a
healthy diet.
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