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ARTICLE INFO ABSTRACT
Keywords: It is long observed that females tend to live longer than males in nearly every country. However,
Longevity the underlying mechanism remains elusive. In this study, we discovered that genetic associations

Male-female health-survival paradox

sex differences

Polygenic risk score analysis
Centenarians

Precise healthcare for males and females

with longevity are on average stronger in females than in males through bio-demographic ana-
lyses of genome-wide association studies (GWAS) dataset of 2178 centenarians and 2299 middle-
age controls of Chinese Longitudinal Healthy Longevity Study (CLHLS). This discovery is repli-
cated across North and South regions of China, and is further confirmed by North-South dis-
covery/replication analyses of different and independent datasets of Chinese healthy aging
candidate genes with CLHLS participants who are not in CLHLS GWAS, including 2972 cente-
narians and 1992 middle-age controls. Our polygenic risk score analyses of eight exclusive groups
of sex-specific genes, analyses of sex-specific and not-sex-specific individual genes, and Genome-
wide Complex Trait Analysis using all SNPs all reconfirm that genetic associations with longevity
are on average stronger in females than in males. Our discovery/replication analyses are based on
genetic datasets of in total 5150 centenarians and compatible middle-age controls, which com-
prises the worldwide largest sample of centenarians. The present study’s findings may partially
explain the well-known male-female health-survival paradox and suggest that genetic variants
may be associated with different reactions between males and females to the same vaccine, drug
treatment and/or nutritional intervention. Thus, our findings provide evidence to steer away from
traditional view that “one-size-fits-all” for clinical interventions, and to consider sex differences
for improving healthcare efficiency. We suggest future investigations focusing on effects of in-
teractions between sex-specific genetic variants and environment on longevity as well as bio-
logical function.

1. Introduction

In general, females live longer and are less susceptible to mortality from infectious and non-communicable diseases compared to
males [1,2]. The increased life expectancy of females as a phenomenon became apparent when data for people born in the late 19th
century became available [3]. This data also suggested that the improved medical and social status of females during the last century
may have benefitted females more than males with respect to longevity. Additional studies showed that males have had significantly
higher mortality rates than females during famines and other natural disasters, worldwide [4-6]. During the European summer heat
wave of 2003, among persons aged 65 or older, age-specific mortality rates of males were twice as high as those of females [7]. In
countries where the data are available (China, South Korea, Italy, Spain, Denmark, Mexico, Portugal, Greece, Norway, England,
Philippines, Slovenia, Czech, South Korea, Italy, and Spain), age-specific fatality rates have been substantially higher among male
COVID-19 patients than among their female counterparts, and the sex gap quickly increase with age after age 50 [8-12].

In general, the socioeconomic status, including education, income and occupation, as well as health status, as measured by
functional capacities in activities of daily living, cognition, and physical performance, are substantially worse in females than in males
in China [13] and elsewhere [14,15]. The phenomenon that females on average live significantly longer than males in spite of having
poorer health and lower socioeconomic status is known as the male-female health-survival paradox [1].

The scope of the influence of genetics on this paradox is not known. Previously published genome-wide association studies (GWAS)
of longevity adjusted for sex as a covariate, identified sex-independent genetic risk factors, such as APOE (Apolipoprotein E), FOXO1A
(Forkhead Box O1A) and IL6 (Interleukin 6) [16-19], but did not investigate the sex-specific genesgenes [20]. Other studies have
revealed significant sex-specific associations of genetic variants with different diseases and health outcomes [21]. The functional EXO1
(Exonuclease 1) gene promoter variant is associated with increased life expectancy in female centenarians only [22]. FOXO3 is the
second most-replicated gene with longevity [23-26], and several studies conducted using Western populations showed that it is a
sex-specific longevity gene that favors males more than females [23,24]. However, this male-specific effect may not be universally
valid since a recent study showed that FOXO3 was protective in females and not males; the same study showed SIRT1 (Sirtuin 1) was
associated with longevity in males [26].

EXO1, FOXO03 and SIRT1 are single genes and don’t reveal whether polygenetic associations with longevity are on average sta-
tistically more significant in males or females, which is jointly determined by small effects of numerous genes. Based on sex-specific
GWAS on the Chinese Longitudinal Healthy Longevity Study (CLHLS) datasets, four groups of sex-specific genes were found to be
associated with longevity [20]. However, the study did not investigate the potential statistically more significant effect of polygenetic
associations with longevity in females compared to males and vice versa.

Although research on sex differences in mortality and the socioeconomic and behavioral determinants have proliferated recently
[15], as yet no study has addressed whether polygenetic associations with longevity are on average more significant in one sex or the
other. The present study aims to address this important scientific question to better understand the male-female health-survival
paradox.



Y. Zeng et al. Heliyon 10 (2024) e23691

2. Results
2.1. Identification of eight groups of sex-specific genes jointly associated with longevity

We have identified eight groups of genes that are jointly associated with longevity at different significance levels. We identified
these eight groups using datasets of CLHLS GWAS and CLHLS healthy aging candidate genes, and they are listed in SM-Table 3a-3b.
Table 1 summarizes the criteria for identifying each of these sex-specific groups: the set of sex-specific longevity genes were grouped by
jointly-significant association (P < 10~%) with longevity in one sex but in the other sex (P > 0.05) based on polygenic risk score (PRS)
analysis [20]. By using the PRSice software, the Prvalues were implemented for searching an ideal threshold Pr to find the best-fit [27].
Meanwhile, the approach used to analyze every individual sex-specific longevity associated gene at a pre-defined significant P value in
one sex but not the other (Pr > 0.05) was described in SM4.

Using these analytic approaches, we found that each of the eight groups of sex-specific genes listed in SM-Table 3a-3b are jointly
and significantly associated with longevity in one sex (P = 8.7 x 1071%°~1.5 x 10~%), but not jointly significant in the other sex (P >
0.05), while PRS-sex interaction effects are highly significant (P = 5.2 x 1071944 x 1071%) (SM-Table 5). To simplify the pre-
sentation of the eight groups of sex-specific genes, we only indicate individual P values for males and females of each group of genes
throughout the text, and do not indicate the group’s joint-significance P values which are presented in SM-Table 5.

2.2. Comparisons of the average probabilities of longevity between males and females

Table 1 also presents the average probabilities of longevity conferred by each of the eight groups of longevity genes (formula (4)).
The average probability of longevity is the likelihood that an individual with a given PRS value is a centenarian, as estimated by the
logistic regression (Methods section M3). Table 1 Section A summarizes the results of analysis of the CLHLS GWAS datasets, where the
average probabilities for females were substantially higher than in males by a margin of 21.3 %-24.0 % for all significance thresholds
(see panels (I)-(III) in Table 1, Section A). The analysis summarized in Table 1 Section B utilized the CLHLS healthy aging candidate
gene datasets, and confirmed this result, namely, that the average probabilities of longevity are substantially higher in females than in
males in each group of the sex-specific longevity genes.

2.3. The female to male ratio of relative benefits associated with the sex-specific longevity genes

To quantify the sex differences in the benefits due to genetic associations with longevity, we estimate and compare female-to-male
ratios of relative benefits (compared with the other sex) associated with male-specific genes of longevity and female-specific genes of
longevity, respectively, employing a novel bio-demographic method described in Methods section M4, that is based on logistic

Table 1
Comparisons of the average probabilities of longevity between males and females with various standardized PRS summarizing each of the eight
groups of sex-specific genes jointly associated with longevity at different significance levels.

Average Ave. prob. of P value of
probability of longevity in sex
longevity females higher difference

than in males

Females  Males  Diff. % of
diff.

A. Analyses based on the CLHLS GWAS datasets

(I) Sex-specific top genes jointly associated with longevity

(1) 11 male-specific top genes jointly associated with longevity (each of them has P < 10~ in males, ~ 0.513 0.420  0.093 2215% 8.4 x 107
but P > 0.16 in females)

(2) 11 female-specific top genes jointly associated with longevity (each of them has P < 107> in 0.514 0.423  0.090 21.34% 3.8x107%
females, but P > 0.12 in males)

(II) Sex-specific strong genes jointly associated with longevity

(3) 35 male-specific strong genes jointly associated with longevity (each of them has 107°<P < 107*  0.513 0.420 0.093 2210% 1.9 x10°%
in males, but P > 0.25 in females)

(4) 25 female-specific strong genes jointly associated with longevity (each of them has 10 °<P <10™*  0.516 0.423  0.093 22.06% 7.8 x107%
in females, but P > 0.36 in males)

(II1) Sex-specific moderate genes jointly associated with longevity

(5) 191 male-specific moderate genes jointly associated with longevity (each of them has 10 *<P <  0.514 0.415 0.099 2395% 2.0 x10°%
1072 in males, but P > 0.75 in females)

(6) 311 female-specific moderate genes jointly associated with longevity (each of them has 10 *<P < 0.515 0.422  0.093 21.93% 15x107%
1072 in females, but P > 0.70 in males)

B. Analyses based on the CLHLS healthy aging candidate genes datasets

(IV) Sex-specific genes jointly associated with longevity

(7) 30 Male-specific jointly associated with longevity (each of them has P < 0.05 in males, but P >0.10  0.701 0.570  0.130 22.88% 3.0 x 10°¥
in females)

(8) 74 female-specific genes jointly associated with longevity (each of them has P < 0.05 in females, ~ 0.689 0.540 0.149 2753% 1.1 x107%
but P > 0.10 in males)
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regression analyses on standardized PRS. These results are summarized in Figs. 1-4.

2.3.1. The female to male ratio of relative benefits due to male-specific genes of longevity

As shown in Fig. 1a, the probabilities of longevity associated with the positive joint effects of higher PRS (i.e., PRS > C) of the 11
male-specific genes are greater for males than for females, but when PRS < C, the probabilities of longevity for females is greater than
for males because the female curve in Fig. 1a is above the male curve.

Fig. 1a also indicates that the relative benefits attributed to the 11 male-specific top genes of longevity (P < 10°) are higher for
females than males. This assessment is based on the relative areas between the respective PRS curves on either side of the cross-over
point C. The male relative benefit when PRS > C of these 11 male-specific top genes associated with longevity (P < 10~°) is 34.71, i.e.,
the triangle area A(1) in Fig. 1a. This is the sum of differences in probabilities of longevity between males and females when PRS > C.
By contrast, relative benefits accrue to females when PRS < C of the 11 male-specific top longevity-associated genes because the sum of
differences in probabilities of longevity between females and males, the triangle area B(2) in Fig. 1a, is 105.59. Consequently, the
female-to-male ratio of relative benefits accounts for these 11 male-specific top genes of longevity is 3.04 (FM1 = B(2)/A(1) = 105.59/
34.71), and the PRS-sex interaction effects are highly significant (P = 9.7 x 10~!°), as described in Fig. 1a legend.

The same pattern holds true for the 35 male-specific strong genes (Fig. 2a) or the 191 male-specific moderate genes (Fig. 3a),
namely that the relative benefits are all substantially higher in females than in males). The female-to-male ratios of relative benefits
due to 35 male-specific strong genes of longevity (10 °<P < 10~ Fig. 2a) or 191 male-specific moderate genes of longevity (10~*<P
< 1073, Fig. 3a) are all substantially larger than one, and the PRS-sex interaction effects are all highly significant (see Figs. 2a-3a
legends).

2.3.2. The female to male ratio of relative benefits due to female-specific genes of longevity

The female relative benefits due to the positive joint effects of higher PRS (i.e. PRS > C) of the 11 female-specific top genes of
longevity (P < 107%) are 71.50 (area A(2) in Fig. 1b), which is the sum of differences in probabilities of longevity between females and
males, all with PRS higher than C. On the other hand, when PRS < C, the male relative benefits of the 11 female-specific top genes of
longevity are 13.21 (area B(1)). Thus, the female-to-male ratio of relative benefits due to the 11 female-specific top genes of longevity
is 5.41 (FM2 = A(2)/B(1) = 71.50/13.21), and the PRS-sex interaction effects are highly significant (P = 9.1 x 1078 (Fig. 1b legend).
These results indicate that the relative benefits due to the 11 female-specific top genes of longevity (P < 10~>) are more apparent in
females.

The estimates presented in Figs. 2b-3b, based on the CLHLS GWAS datasets, reveal the same pattern as in Fig. 1b, namely, the
relative benefits due to the 25 female-specific strong genes of longevity (10 °<P < 10~ or the 311 female-specific moderate genes of
longevity (10~*<P < 1073) are all substantially much higher in females than in males (Figs. 2b-3b legends).

2.4. Confirmation analyses using the CLHLS healthy aging candidate genes datasets

To further confirm the results based on the CLHLS GWAS datasets described above, we conducted additional South-North eval-
uation/replication PRS analyses on 30 male-specific and 74 female-specific genes of longevity (P < 9.0 x 10~3; Fig. 4a-b. These genes
were identified and replicated individually, based on totally independent datasets of the CLHLS participants, which included 2972
centenarians and 1992 middle-age controls (SM3). The female to male ratios of relative benefits due to the 30 male-specific genes of
longevity or 74 female-specific genes of longevity are all substantially larger than one, and the PRS-sex interaction effects are highly
significant, confirming that the relative benefits due to sex-specific genes of longevity are much higher in females than in males.

1_0P_(X:5) —&—Males —<Females 1_0F1(X:5) —&—Males —<Females

0.8 - 0.8 -

0.4 - ~ . 04 :
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-2.88 -1.92 -0.96 0.00 0.80 161 2.41 -2.56 -1.71 -0.85 0.00 0.83 1.66 249

Fig. 1a and b. The PRS analyses on the 11/11 male/female-specific top genes of longevity (P < 10~° in one sex, but P > 0.12 in another sex), using
the CLHLS GWAS datasets Fig. 1a. 11 male-specific top genes of longevity Fig. 1b. 11 female-specific top genes of longevity, (P < 107> in males, but
P > 0.16 in females)(P < 10-° in females, but P > 0.12 in males)

Notes: (1) P(x,s) in the vertical axis denotes the probability of longevity among persons with sex s (s = 1, male; s = 2, female) and the standardized
polygenic risk score (PRS) value x which summarizes propensity to longevity of a group of sex-specific genes; P(x,s) is estimated based on the logistic
regression model described in the Method section M3; (2) x in the horizontal axis represent the PRS values which is estimated by the procedure
described in the Methods section M2; C is the PRS value at which the probabilities of longevity in males and females are equal to each other (i.e., the
male and female curves crossover at x(PRS)=C); (3) The A(1), B(2), FM1, A(2), B(1) and FM2 are estimated using the method described in the
Methods section M4.
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Fig. 2a and b. The PRS analyses on the 35/25 male/female-specific strong genes of longevity (10 ><P < 10~* in one sex, but P > 0.25 in another
sex), using the CLHLS GWAS datasets, Fig. 2a. 35 male-specific strong genes of longevity Fig. 2b. 25 female-specific strong genes of longevity
(107°<P <107*in males, but P > 0.25 in females), (10°<P < 10-%in females, but P > 0.36 in males) Notes: the same as the notes in Fig. 1a and b.
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Fig. 3a and b. The PRS analyses on the 191/311 male/female-specific moderate genes of longevity (10~*<P < 1072 in one sex, but P > 0.70 in
another sex), using the CLHLS GWAS datasets Fig. 3a.191 male-specific moder. genes of longevity Fig. 3b. 311 female-specific moder. genes of
longevity, (107*<P <10 %in males, but P > 0.75 in females), (107*<P <10 %in females, but P > 0.70 in males), Notes: the same as the notes in
Fig. 1a and b.
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Fig. 4a and b. The PRS analyses on the 30/74 male/female-specific genes of longevity (P < 9.0 x 1072 in one sex, but P > 0.10 in another sex),
using the CLHLS healthy aging candidate genes datasets, Fig. 4a. 30 male-specific genes of longevity Fig. 4b. 74 female-specific genes of longevity (P
< 9.0 x 102 in males, but P > 0.10 in females), (P < 8.0 x 10~2 in females, but P > 0.12 in males)Notes: the same as the notes in Fig. la and b.

2.5. Additional PRS analysis of randomly assigned female centenarian/control samples that have exactly the same size as that of male
centenarians/controls

It is common in studies of centenarians to have more female than male participants. To test whether our findings are biased by this
difference in sample sizes, we conducted additional analyses based on a sample constructed of equally sized groups stratified by sex:
564 male centenarians and 564 randomly selected female centenarians, and 773 male middle-age controls and 773 randomly selected
female middle-age controls, using both the CLHLS GWAS and CLHLS healthy aging candidate genes datasets. The results of this an-
alyses were consistent with our prior results, namely, genetic associations with longevity are on average stronger in females than in
males (SM-Table 7 and SM-Figs. 1-4). This indicates that our current results are not affected by the larger sample size of female
centenarians than their male counterparts. The higher death rate among males may increase the statistical power of the male
centenarian sample [20].
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2.6. Analyses of all genes individually associated with longevity in both sexes or in one sex only

The genetic contributions to longevity in males and females are not attributed only to groups of sex-specific genes jointly associated
with longevity (as outlined in section 2.1), but genes that are individually associated with longevity in both sexes or in one sex only also
contribute. Thus, to obtain a complete picture of whether genetic associations with longevity are stronger in males or females, we
further conducted logistic regression analyses on all genes that are individually associated with longevity in both sexes or in one sex
only, and we used P < 0.05 as the individually significant P threshold.

2.6.1. Genes individually associated with longevity in both sexes

Using the CLHLS GWAS and the CLHLS healthy aging candidate genes datasets, we identified three groups of the genes that are
individually associated with longevity in both sexes at different significance levels (SM Tables 8a-8c). These groups differed by the
stringency of the significance of association with longevity. One group, including 17 individual genes, had P < 10~*in one sex and P <
0.05 in the other (SM Table 8a). The second group, composed of 92 genes, exhibited 10~*<P < 1072 in one sex and P < 0.05 in the
other (SM Table 8b). The third group, composed of 128 genes, exhibited P < 0.05 in both sexes (SM Table 8c). For each group, the PRS
values favor females over males SM Fig. 5a5c). The average probabilities of longevity of these three groups of genes are higher in
females than in males by 23.4 %-32.9 %, and the sex differences are highly significant (Table 2 A, panel I).

2.6.2. Genes individually associated with longevity in one sex only

We also identified three groups of the genes that are individually associated with longevity in one sex only at different significance
levels (SM Tables 8d-8f), using the CLHLS GWAS datasets and the CLHLS healthy aging candidate genes datasets. The probabilities of
longevity of various PRS values for each of these groups of genes also showed that genetic associations with longevity are on average
stronger in females than in males (SM Fig. 6a—c), Table 2, section A(II) and B (II) demonstrate that in females the average probabilities
of longevity of the groups of genes individually associated with longevity in one sex only are higher than those in males by 9.3 %-31.1
%, and the sex differences are highly significant, with one exception (P = 0.095).

2.7. Sex-based pathways associated with longevity

Next, we used the FUMA tool to map this significant longevity associated genes to the KEGG and REACTOME databases [28]. (SM
Fig. 7a, P < 0.05), and neuroactive ligand receptor interaction Notably, the male-specific genes were mainly enriched in the extra-
cellular matrix-related pathways, including glycosaminoglycan biosynthesis-heparan sulfate, NABA ECM glycoproteins, and cell-cell
junction organization (SM Fig. 7a, P < 0.05). The association of altered extracellular matrix with age-associated diseases, such as
Alzheimer’s disease, has been widely documented [29]. By contrast, the female-specific genes were mainly enriched in the pathway of

Table 2
Comparisons of the average probabilities of longevity between males and females with various standardized PRS summarizing each of the groups of
genes individually associated with longevity in both sex or in one sex only.

Average Ave. prob. of P value of
probability of longevity in sex
longevity females higher difference

than in males

Females  Males  Diff. % of
diff.

A. Analyses based on the CLHLS GWAS datasets

(I) The genes individually associated with longevity in both sex

17 genes individually associated with longevity in both sex (P < 10~ *in one sex and P < 0.05 in other ~ 0.424 0.319 0.105 32.88% 2.0 x 1072
sex)

92 genes individually associated with longevity in both sex (10™*<P < 10 % inone sexand P < 0.05in  0.468 0.379 0.089 2341% 88x 107
the other sex)

(II) The genes individually associated with longevity in one sex only

190 genes individually associated with longevity in one sex only (P < 10™* in one sex but P > 0.05in  0.483 0.414  0.069 16.69 % 0.0002
other sex)

1367 genes individually associated with longevity in one sex only (10"<P < 10 %in one sexbut P>  0.519 0.474  0.044 931 % 0.095
0.05 in the other sex)

B. Analyses based on the CLHLS healthy aging candidate genes datasets

(II1) The genes individually associated with longevity in both sex

128 genes individually associated with longevity (P < 0.05 in both sex) 0.690 0.555 0.135 24.32% 4.4 x107%

(IV) The genes individually associated with longevity in one sex only

152 genes associated with longevity in one sex only (P < 0.05 in one sex but P > 0.05 in the other sex)  0.698 0.532 0.165 31.08 % 5.2 x 107172

Notes: (a) The estimates presented in this table are based on the logistic regressions including continuous standardized PRS, sex and (PRS x sex)
interaction term (ref. Equations (2) and (3) in the Methods section M3); (b) The sex-specific average probabilities of longevity among persons of sex s
with various PRS values presented in this table are estimated using formula (4) in Methods section M3; (c) The P values of the sex differences
presented in the last column of this table are estimated using the bootstrap method (the number of bootstrap replications is set to 2000) of the
statistical software STATA 12.0.
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neuroactive ligand receptor interaction (SM Fig. 7b, P < 0.05).

2.8. Analyses of genetic heritability of longevity in males and females using all SNPs and the genome-wide Complex Trait Analysis (GCTA)
method

Using the GCTA method (section 2.5) [30], we estimated the genetic heritability of longevity (h?) for each sex, based on analyzing
all SNPs of the CLHLS GWAS and healthy aging candidate genes datasets. The male and female h? are 0.172 and 0.187 respectively
based on the CLHLS GWAS dataset; the male and female h? are 0.199 and 0.255 respectively based on the CLHLS healthy aging
candidate genes dataset. Clearly, the genetic heritability of longevity is stronger in females than that in males. These results indicate
that the GCTA analyses using all SNPs of the CLHLS GWAS datasets and healthy aging candidate genes datasets reconfirm that genetic
effects on longevity are on average stronger in females than in males.

3. Discussion

Based on the statistical and bio-demographic analyses of CLHLS GWAS datasets (including 2178 centenarians and 2299 middle-age
controls), we discovered that average probabilities of longevity, associated with each of the six exclusive groups of sex-specific genes at
tiered significance levels, are all significantly higher in females than in males. Our bio-demographic analyses demonstrate that the
female-to-male ratios of relative benefit due to each of the six exclusive groups of sex-specific genes associated with longevity are all
substantially in favor of females, and the PRS-sex interaction effects are all highly significant. This discovery that females are
genetically ‘advantaged’ with respect to polygenetic associations with longevity was replicated across different datasets of South and
North regions of China. Additional analyses of both sex-specific and non-sex-specific genes confirmed that polygenetic associations
with longevity are on average stronger in females more than males.

We further confirmed this conclusion using independent datasets of CLHLS healthy aging candidate genes (including 2972 cen-
tenarians and 1992 middle-age controls). Moreover, the GCTA analyses, using all SNPs of both the CLHLS GWAS datasets and healthy
aging candidate genes datasets, respectively, add an additional level of confirmation, that genetic effects on longevity are on average
stronger in females than in males. Interestingly, a recent study based on results from a large GWAS on human longevity (N ~ 390,000)
demonstrated that a higher genetic predisposition for longevity had a stronger association with behavioral phenotypes (such as ed-
ucation, smoking, body mass index (BMI) and depression) in females than in males [31], which is concordant with our findings.

Our results beg the question of why are genetic associations with longevity on average stronger in females than in males? The fact
that females take much more care for childbearing and offspring than males may shed light on answering this question. Studies related
to age-specific manifestation of genetic load suggest that fertility serves as the major factor of Darwinian natural selection for the
accumulation of genetic mutation driving population survival and growth [32]. The grandmother hypothesis [33] proposed that
postmenopausal longevity in human evolved from grandmothers’ assistance with childcare, which prolonged females’ lifespan.

A study reported that female centenarians were four times more likely to have children in their forties than females lived only to age
73 [34]. Other studies (including analyses based on the CLHLS datasets) also found that females’ late childbearing after ages 35 or 40 is
positively and significantly associated with longevity [35,36]. A study indicated that the longevity advantage of females over males
may be a by-product of genetic evolution that maximizes the length of time during which females could bear and take care of children
and contribute to human reproduction [37].

The reproductive function of females might serve as a driving force for positive selection on the human genome and the related
physiological features, such as immune response and metabolism. During periods of stress such as starvation, females use available
amino acids to create deposits in the liver to support reproduction; conversely males slow down anabolic pathways and reserve
carbohydrate stores for eventual use by the musculature [38]. Sex differences in genetics also affect innate and adaptive immunity
[39]. Various studies have reported a more progressive decline in immunity and dysregulated inflammatory response with increase of
age in males than in females [40,41]. In the current study, our pathway analysis revealed neuronal system, glycosaminoglycan
biosynthesis-heparan sulfate, NABA ECM glycoproteins, and cell-cell junction organization are male-specific pathways, and neuro-
active ligand receptor interaction is the female-specific pathway. Interestingly, it is previously reported that reductions of heparan
sulfate biosynthetic gene function increased lifespan in Drosophila parkin mutants [42].

The results of our study lead us to conclude that genetic associations with longevity are on average stronger in females than in
males. This novel finding contributes to understanding the “male-female health-survival paradox”. We believe the genetic associations
with longevity that are on average stronger in females than in males discovered in the present study are not driven by the fact that
female centenarians and middle-age controls on average live longer than their male counterparts. This is because all GWAS of longevity
(including present study) and our replication/reconfirmation analyses are not based on sex differences in lifespan among cases of
centenarians and middle-aged controls. Instead, all male and female centenarians are counted as longevity “cases”, regardless of their
lifespan differences, and all middle-aged male and female individuals are counted as “controls”, disregarding their lifespan differences.
As explained in eAppendix section S1 of the article [19], all prior GWAS of longevity [16-18] and the present study investigate genetic
associations with longevity by comparing the cross-sectional frequencies of carrying the genetic variants between centenarian cases
and middle-aged controls, with no effects of the survival time with respect to each of the male and female centenarians and middle-age
controls.

Our study has limitations. Similar to all other case/control association studies, including GWAS, this study could not empirically
reveal the causalities of our findings, warranting further in-depth investigations. Moreover, we could not test the hypothesis that
females’ genetic advantage of longevity may be partially due to their XX chromosomes compared to males’ single X chromosome [43,
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44], because the CLHLS GWAS of longevity did not include SNPs on the X and Y chromosomes and mitochondria, due to genotyping
technical reasons, which are the same as for other GWAS [16,17]. In addition, sex-specific longevity might also be influenced by other
potential confounding factors, such as inherent gender inequality, hormonal differences, environmental exposures, and behavioral
factors, which are not covered in this study. Despite these limitations, the new findings of this study warrant further investigation by
interdisciplinary collaborations, such as validation using datasets from other countries, international meta-analysis with much larger
sample sizes, and laboratory tests on biological functions.

Nevertheless, the findings of this study provide evidence supporting the notion that significant contributions of genetic factors to
sex-biased lifespan and healthspan, and also might be helpful to develop prevention and treatment strategies for both male and female
elderly patients with chronic diseases in this forthcoming era of precision medicine. Additionally, our study provides invaluable insight
into further understanding of molecular mechanisms underlying sex differential aging related diseases as well as regulatory networks.

4. Conclusion

Our study of sex-specific GWAS and novel bio-demographic analyses have contributed to a better understanding of sex differences
in genetic variants that may very likely lead to different reactions to the same vaccine, drug treatment and/or nutritional intervention,
and also has potential application in studies of sex-specific differences in Alzheimer’s disease [45,46]. Thus, steering away from the
traditional view that “one-size-fits-all”, and considering sex differences may likely improve the healthcare efficiency [47]. We suggest
that further investigations should focus on effects of interactions between sex-specific genetic variants and environmental factors on
healthy aging and the biological mechanisms, which will substantially contribute to more effective precise healthcare for males and
females.
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Methods
M]1. The genetic datasets analyzed in present study

We firstly analyze the CLHLS GWAS datasets, which include 5.6 million single nucleotide polymorphisms (SNPs) for each of 2178
centenarians and 2299 middle-age controls (ref. Supplementary Materials (SM) sections SM1~SM2 and SM-Table 1). Secondly, to
replicate the results, we analyzed independent datasets of CLHLS healthy aging candidate genes of 2972 centenarians and 1992
middle-age controls aged <65, who are CLHLS participants but not included in the CLHLS GWAS (SM-Table 2). Our healthy aging
candidate genes datasets include 287,898 SNPs for each of the CLHLS participants. These 287,898 SNPs associated with longevity and
chronic diseases were selected based on GWAS datasets of CLHLS and U.S. Health and Retirement Surveys as well as other published
genetic databases. The present study is based on genetic datasets of in total 5150 centenarians and compatible middle-age controls,
which has worldwide largest sample of centenarians so far, 3.9 times as large as worldwide second largest genetic datasets sample of
1320 centenarians [20]. Note that a wide variety of internationally published studies have confirmed that age reporting of Han Chinese
centenarians is reasonably accurate [48,49].

To increase statistical rigor, we adopt a replication framework of South and North regions of China as discovery and evaluation/
replication samples (SM-Tables 1 and 2), following most published case/control genetic studies that use Chinese nationwide datasets
and based on analyses of principal components, genetics, anthropology, and linguistics, reported in the literature [50].

The Research Ethics Committees of Peking University and Duke University granted approval for the Protection of Human Subjects
of CLHLS, including collections of the data and DNA samples as well as productions of the de-identified genotype and phenotype data
used for present study. The survey respondents gave informed consent before participation. The uses of the genotype and phenotype
data in this study are carried out in accordance with national and International legislative and institutional guidelines and regulations.

M2. The standardized polygenic risk score (PRS) analyses

It is impossible to address the present study’s research question based solely on sex-specific single genes analysis, because each
locus has a small effect and combinations of many genes contribute to the association with the phenotype [27,51]. Thus, we conducted
analyses of PRS, which summarizes the joint effects of propensity for longevity of each of the groups of identified sex-specific genes, to
explore whether the genetic associations with longevity are stronger in males or females.

Following conventional methodology, we constructed PRS of each of the identified groups of sex-specific genes for each of the
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centenarians and middle-age controls, using the odds ratios estimated from the discovery sub-dataset (South region) as the coefficients
to construct PRS for the target (North region) [27,50]. Details on selection of sex-specific genes are given in Supplementary Materials
(SM) Section SM4. Calculation of the PRS for each of the sex-specific genes was made using the PLINK software. First, we extracted all
independent genes associated with longevity of one sex only in the discovery dataset. Second, we removed those genes which are
significantly associated with longevity in the other sex in the discovery dataset via PLINK. Each of the genes retained are sex-specific
genes; significantly associated with longevity in one sex but not associated with longevity for the other sex. Third, following the
method for constructing the standardized PRS developed by Purcell et al. [51], these sets of selected sex-specific genes, which were
weighted by their log odds ratios (ORs) from the discovery dataset and summarized into the PRS for each individual in the replication
dataset.

To make the PRS more comparable across genders and to improve the interpretability of the results of the logistic regression
analyses, we standardized the PRS for each of the identified exclusive groups of genes associated with longevity at different signifi-
cance levels following the standard approach as expressed in formula (1) below [52].

PR Si(s) =[IPRS(s) — u] / sd @

where PR S;(s) is the standardized PRS for individual i with sex s (s = 1 for males and s = 2 for females), IPRS;(s) is the initial un-
standardized PRS for individual i with sex s, ¢ and sd are the mean and the standard deviation of the initial PRS values of all of the
male and female individuals of the sample. After rescaling of the z-scores transformation, the standardized PRS have a mean of 0 and a
standard deviation of 1.0; this standardization substantially improves comparability across genders [51]. We abbreviate “standardized
PRS” as “PRS” in this article to simplify the presentations.

Ma3. The logistic regression model employed in present study

Note that regression analyses of PRS for males and females separately are not appropriate for adequately quantifying sex differences
in genetic associations with longevity, because they use different reference groups for males and females, making the sex-specific
estimates not fully compatible. Thus, we estimated logistic regression models including both males and females, in which the bi-
nary dependent variable is being a centenarian or middle-age control, and the independent variables are sex, the genetic variant
measured by the continuous PRS, and the PRS-sex interaction term, as expressed in Equations (2) and (3) below:

P(x,s);
1—P(x,s),

i

Logit(P(x, s);) :log( ) =P+ Xi+ 5,5 + 3 (Xi + Si) (2)

where P(x,s); is the probability of longevity (likelihood of being a centenarian) of the individual i with sex s (s = 1, male; s = 2, female)
and genetic propensity for longevity measured by standardized continuous PRS value x; s and x for individual i are denoted as S; and X;;
(X;*S;) represents the PRS-sex interaction effects; By is the intercept; p1, P2, and pg are the regression coefficients of the independent
variables S; and X;, and (X;*S;) interaction term, respectively.

. : P(x.s);
We first estimate the ;- Py

exp [Bo + prXi + BoSi+ f3(Xi + Si)).
We then derive P(x, s); as follows, based on the estimated odds(x,s) as expressed above:

which is the odds(x,s), based on the logistic regression expressed in Equation (2): odds(x,s) = % =

1
1+ exp{ — [By + B X + oS + B (Xi % S)]}

We use 0.01 as the increment to transfer the continuous PRS into discrete numbers of x, which

keep two decimal points. Let Hx denote the highest PRS value included in the regression analysis;

Lx, the lowest PRS value included in the regression analysis;

P(x,s), the probability of longevity among persons of sex s and with the PRS value x, estimated based on the logistic regression
model expressed in Equations (2) and (3);

AP(s), the average probabilities of longevity among persons of sex s with various PRS values.

AP(s) = {i P(x, s)] / [(Hx — Lx)/0.01] (4)

The strength of our logistic regression analyses is that the sex-specific estimates are fully compatible, and can be used to quantify
sex differences in genetic associations with longevity. Furthermore, given the available datasets, this regression model which includes
all individuals of males and females provides substantially more statistical power than performing regression analyses for males and
females separately.

Consistent with other published case-control studies of GWAS on longevity based on cross-sectional datasets of centenarians and
middle-age controls, we did not include socioeconomic covariates (e.g. education, occupation, etc.) in our logistic regression models,
because the socioeconomic factors of the two birth cohorts of centenarians and middle-age controls born 40-60 years apart are not
compatible. Instead, in our GWAS regression models, we adjusted for the top two eigenvectors to minimize the effects of population
stratification, following the approach adopted in the GWAS literature [53].

Mood [54] demonstrated that, compared with probabilities (P(x,s)), the sex-specific odds(x,s) (=P(x,s)/(1-P(x,s))) and

P(x,s) 3)




Y. Zeng et al. Heliyon 10 (2024) e23691

males/females odds ratio (x) (=0dds(x,1)/0dds(x,2)) cannot be interpreted as absolute effects, nor can they be accurately compared
across male and female groups, although they are widely used to measure the degree and direction of the associations between two
categories within one group. For example, assuming probability of longevity of a good genotype is 0.55 and 0.40 among males and
females, respectively, the males/females relative risk ratio is 1.375 (=0.55/0.40), which means that the genotype’s effects in males are
37.5 % higher than that in females. However, the sex-specific odds(x,s) calculated using the probability of longevity are 1.222
(=0.55/(1-0.55)) for males and 0.667 (=0.40/(1-0.40)) for females. The males/females odds ratio (x) of females to males is 1.83
(=1.222/0.667), which means that the genotype’s effects in males are 83 % higher than that in females, exaggerating the sex dif-
ferences in the effects of the genotype by 2.22 folds (=83.3 %/37.5 %).

Norton et al. (2018; Page 84) [55] stated (we cite their original statements here): “Although for rare outcomes odds ratios
approximate relative risk ratios (which is the ratio of probabilities of the outcome for two groups such as males and females), when the
outcomes are not rare, odds ratios always overestimate relative risk ratios, a problem that becomes more acute as the baseline
prevalence of the outcome exceeds 10 %. For example, an odds ratio (men/women) of 2.0 could correspond to the situation in which
the probability for some event is 1 % for males and 0.5 % for females. An odds ratio (men/women) of 2.0 also could correspond to a
probability of an event occurring 50 % for males and 33 % for females, or to a probability of 80 % for males and 67 % for females.” The
SM-Table 6 presents the numerical calculations and comparisons between the males/females relative risk ratios and males/females
odds ratios of the three examples given by Norton et al. [55] as outlined above and four examples of the PRS values of the 11
male-specific top genes of longevity (P < 10~ in males, but P > 0.16 in females) estimated using the CLHLS GWAS datasets (see
Fig. 1a).

What Norton et al. [55] stated “... when the outcomes are not rare, odds ratios always overestimate relative risk ratios” can be
mathematically derived in connection with present study as follows. Denote P(x,s) (s = 1: males, s = 2: females) as probability of
longevity associated with PRS value x; males/females relative risk ratio is: P(x,1)/P(x,2); the sex-specific Odds(x,s) is: P(x,s)/(1- P(x,
$));

(5)

Men /Women odds ratio (x) = Odds(x,1) _Plx1) /(1= Px1) _Px1 (1= Pl )§

0dds(x,2) _ P(x,2)/(1— P(r,2)) P(x,2)  (1— P(x,1)

formula (5) indicates that the odds ratio (x) 8§$E§§ Xz) ) by a factor of % if the

odds ratio is used to quantify the differences between males and females. Thus, the odds ratio cannot be used to accurately quantify the
differences in genetic associations between males and females, although they are widely used to measure the degree and direction of
the associations between two categories within one group (e.g., within male group or within female group) [54-56]. Therefore,
referring to the relevant literature [54-56], we estimated and compared the probabilities of longevity (rather than the odds ratios) of
various sex-specific and non-sex-specific genes between males and females, in order to accurately quantify the sex differences in
genetic associations with longevity.

To address the concern about whether our analyses using logistic regression may bias the estimates of probability of longevity due
to the larger sample size of female centenarians compared to their male counterparts, which is common in all studies including
centenarians, we conducted additional analysis based on randomly selected female centenarian/control samples with exactly the same
size as the male centenarian/control samples. As presented and discussed in details insection 3.5, our additional analyses, with exactly
the same sample sizes of the male and female centenarians and controls demonstrated similar results as was found from the analyses
using the actual total female and male samples. Thus, our analyses using logistic regression did not bias the estimates of probability of
longevity.

biases the males/females relative risk ratlos

M4. Bio-demographic analyses on female to male ratios of relative benefits due to sex-specific genes of longevity

Referring to Fig. 1a and b for an intuitive understanding, let A(s) denote the sex-specific relative benefits (compared with the other-
sex) among individuals of sex s (s = 1: males; s = 2: females), due to gaining the positive joint effects of higher PRS (x > C) of the sex-
specific genes of longevity; B(s) denotes the sex-specific relative benefits among individuals of sex s, due to avoiding the negative joint
effects of lower PRS (x < C) of the other-sex-specific genes of longevity; where C is the PRS value at which the probabilities of longevity
in males and females are equal to each other (i.e., the male and female curves cross at x = C). The formulas for estimating the A(s) and B
(s) are presented and discussed below.

Female to male ratio of relative benefits due to a group of male-specific genes of longevity.

Referring to Fig. 1a, the triangle shaped area A(1) above the female line and below the male line illustrates the male relative
benefits in probability of longevity due to gaining the positive joint effects of higher PRS (x > C) of a group of male-specific genes of
longevity; A(1) is the sum of differences in probabilities of longevity between males and females, all with higher PRS (x > C) of the
male-specific genes of longevity:

A1) =Y [P(x,1) = P(x,2)] (©)

x>C

On the other hand, triangle area B(2) in Fig. 1a denotes female relative benefits in probability of longevity due to avoiding the
negative joint effects of lower PRS (x < C) of a group of male-specific genes of longevity; B(2) is the sum of differences in probabilities
of longevity between females and males, all with lower PRS (x < C) of the male-specific genes of longevity:
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B(2)=) [P(x,2) - P(x,1)] @)

FM1=B(2) / A(1) (8)

FM1 is the female to male ratio of relative benefits due to a group of male-specific genes of longevity, namely, the ratio of females’
relative benefits due to avoiding the negative joint effects of lower PRS (x < C) of the male-specific genes of longevity (B(2)) to the
males’ relative benefits due to gaining the positive joint effects of higher PRS (x > C) of the same group of male-specific genes of
longevity (A(1)). If FM1 is larger (or smaller) than one, it indicates that the relative benefits in probability of longevity due to a group of
male-specific genes of longevity are higher (or lower) in females than in males.

Female to male ratio of relative benefits due to a group of female-specific genes of longevity.

Referring to Fig. 1b, the triangle area A(2) denotes female relative benefits in probability of longevity, due to gaining the positive
joint effects of higher PRS (x > C) of female-specific genes of longevity; A(2) is the sum of differences in probabilities of longevity
between females and males, all with higher PRS (x > C) of the female-specific genes of longevity:

AQ2) =) [P(x,2) = P(x,1)] 9)
x>C
Referring to Fig. 1b, the triangle area B(1) denotes male relative benefits in probability of longevity due to avoiding the negative
joint effects of lower PRS (x < C) of the female-specific genes of longevity, B(1) is the sum of differences in probabilities of longevity
between males and females, all with lower PRS (x < C) of the female-specific genes of longevity:

B(1)=> [P(x,1) — P(x,2)] (10)
FM2=A(2) / B(1) an

FM2 is the female to male ratio of relative benefits due to a group of female-specific genes of longevity, namely, the ratio of females’
relative benefits due to gaining the positive joint effects of higher PRS (x > C) of the female-specific genes of longevity (A(2)) to the
males’ relative benefits due to avoiding the negative joint effects of lower PRS (x < C) of the same female-specific genes of longevity (B
(1)). If FM2 is larger (or smaller) than one, it indicates that the relative benefits due to the female-specific genes of longevity are higher
(or lower) in females than in males.

Mb5. The genome-wide Complex Trait Analysis (GCTA) method used in present study

Chip-based heritability was estimated for each sex based on the CLHLS GWAS and healthy aging candidate genes datasets
respectively in present study, using the GCTA restricted maximum likelihood (REML) method as implemented in GCTA version
1.92.0beta3 [30]. SNP variants were linkage disequilibrium pruned using PLINK2 and the flag —indep-pairwise 50 10 0.1. The genetic
relationship matrix (GRM) was constructed and the heritability was calculated with flags, using the GCTA. In order to transform the
estimated heritability from the observed scale to liability scale, we specified the flag of prevalence 0.0002 for males and prevalence
0.0006 for females, according to the life expectations at birth, as reported in “World Population Prospects 2019” released by United
Nations Population Division.
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0.05) 23 (ref. SM-Table 5 for details); (b) The estimates presented in this table are based on the logistic regressions including continuous
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