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A B S T R A C T   

The lifespan of humans varies greatly between individuals. Here, we aimed to explore what biological roles 
miRNAs may have on old age mortality-variation. Circulating miRNAs were measured in plasma from 43 
monozygotic twin pairs (73–95 years of age) and mortality analyses were applied using Cox regression survival 
analyses and linear regression analyses of lifespan. 

In general, nominally significant miRNAs were mainly upregulated with shorter lifespan, both in Cox analysis 
(72 % upregulated) and in linear regression analysis (81 % upregulated). A total of 29 miRNAs were associated to 
mortality at a nominal significance level (p < 0.05) in the survival analysis, but no miRNAs passed the FDR 
adjusted level of significance. 

Seven of the 29 miRNAs; hsa-miR-140-3p, hsa-miR-16-5p, hsa-miR-487b-3p, hsa-miR-19a-3p, hsa-let-7d-5p, 
hsa-miR-320a, hsa-miR-375, were nominally significant across two linear twin-paired analyses and the cox 
analysis. Pathway analyses of the 29 nominally significant miRNAs from the individual level analyses resulted in 
two nominally significant associated Reactome pathways (unadjusted p < 0.05); ‘Negative regulation of FGFR 
signaling’ and ‘Neurotransmitter receptor binding and downstream transmission in the postsynaptic cell’, and 
two significantly associated KEGG pathways; ‘Linoleic acid metabolism’ and ‘Toxoplasmosis’. Additional 
pathway analyses and results of previous studies support that miRNAs linked to mortality at age 70 years or older 
play a role in lipid metabolism, tissues maintenance and morphology.   

1. Introduction 

Lifespan in humans varies between individuals and mortality at old 
age is related to variation in maintaining biological functions. The most 
abundant causes of death in western countries include cardiovascular 
diseases, cancers, diabetes, dementia and respiratory diseases (WHO, 
2022). On the more general health conditions, elderly in good cognitive 
and physical health live longer than elderly in worse health (Thinggaard 
et al., 2016). However, which biological functions that are the main 
contributors to old age mortality have so far not been fully described. 
Risk factors contributing to mortality were discovered by Deelen and co- 
workers in a study of blood circulating metabolites in individuals 

18–109 years of age. The authors found several metabolic components 
to be associated with mortality and 14 independent metabolic bio-
markers of mortality including density of lipoproteins (e.g., LDL and 
HDL) and amino acids (e.g., glutamine) (Deelen et al., 2019). In another 
study of two cohorts of individuals with extreme ages, i.e. nonagenar-
ians and centenarians, the blood circulating neurofilament light chain 
biomarker was found to predict survival equally or better than previ-
ously described multi-item scales of cognitive or physical functioning 
(Kaeser et al., 2021). 

The biological role of microRNAs (miRNAs) on human lifespan- 
variation has been poorly described. miRNAs are non-coding RNAs 
that contain 19–22 nucleotides and are usually formed as cleaved 
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products from larger stem-loop folded precursor RNAs. miRNAs can be 
released from a variety of cell types and are remarkably stable in 
circulating blood (Mitchell et al., 2008). Some miRNAs are suggested to 
be pro- or anti-inflammatory (Mengel-From et al., 2018b), and some are 
highly expressed in specific cells and tissues, e.g., hsa-miR-155-5p, 
which is the most expressed miRNA in B-cell exosomes (Liu et al., 
2019), hsa-miR-124, which is the most abundant miRNA in brain (Xu 
et al., 2021), and hsa-miR-126, which is expressed with high specificity 
in endothelial cells (Olivieri et al., 2014). In general, miRNAs extracted 
from plasma or serum are referred to as circulating miRNAs (Kinser and 
Pincus, 2019). 

Several studies have described the general directions of miRNA 
dysregulation with aging, but findings are inconsistent. In a population- 
based study of individuals 22–79 years of age, the expression of plasma- 
circulating miRNAs was stable with age, but significant dysregulated 
miRNAs were found to mainly increase in quantity with age (Ameling 
et al., 2015). In a sample of men, 50 years of age, from the Baltimore 
Longitudinal Study of Aging, expression of 24 plasma-circulating miR-
NAs was significantly upregulated while 73 miRNAs were significantly 
downregulated in a group of long-lived individuals (76–92 years of age) 
compared with a group of shorter-lived (58–75 years of age) individuals 
(Smith-Vikos et al., 2016). Also, the expression of miRNAs from whole 
blood was in general down-regulated in centenarians and nonagenarians 
compared to younger individuals (mean age 45.9 years) (ElSharawy 
et al., 2012). 

Candidate miRNAs associated with aging or longevity also showed 
diverse results. For instance, miR-181a-5p, miR-1248 and miR-151a-3p 
indicated a linkage between chronic inflammation and aging in a study 
of young (mean age 30 years) and old (mean age 64 years) individuals 
(Noren Hooten et al., 2013), and in a twin study (Npairs = 5), miR-3615 
and miR-619 were suggestively associated with a lifespan discordance of 
at least five years between twins of a pair (Wu et al., 2016). The twin 
design is very powerful and has a unique possibility to control for ge-
netics and shared environmental factors. A consistent finding was 
observed in a study by ElSarawy and co-workers exploring miRNAs 
expressed in whole blood, where two miRNAs, miR-106a and miR-126 
(likely alias miR-126-3p), were observed to be downregulated in cen-
tenarians, with replication in an independent biological sample of cen-
tenarians and younger subjects (mean ages 101.5 and 36.9 years, 
respectively) (ElSharawy et al., 2012). In contrast, miR-126-3p circu-
lating in plasma was upregulated with older age in two studies (in-
dividuals aged 22–79 years and 20–90 years, respectively) (Ameling 
et al., 2015; Olivieri et al., 2014). 

Previously, we have studied plasma circulating miRNAs in relation to 
cognitive function, cognitive decline, and dementia in elderly twins 
(Mengel-From et al., 2018a; Mengel-From et al., 2018b). In the present 
work, using monozygotic twins of 73+ years of age, we aimed to explore 
if circulating miRNAs are mainly up- or downregulated with lifespan 
and if miRNAs disclose biological pathways of importance to survival. 
Also, twin analyses using the same population of twins were completed, 
including a lifespan difference and an at least 5-year lifespan discor-
dance analysis, to support the Cox-model derived miRNAs associations 
found in the individual and twin-paired analyses. 

2. Material and methods 

2.1. Study population 

Participants from the Longitudinal Study of Aging Danish Twins 
(LSADT) were selected for the present study. LSADT was initiated in 
1995 and included twins born between 1909 and 1923. Participants 
were re-assesed every second year from 1995 to 2005, and in 1997 a 
total of 689 twins donated blood. The present study is based on 48 twin 
pairs (same-sex pairs, both men and women) randomly selected among 
those twins who donated blood in 1997 (Mengel-From et al., 2018a). 
The 48 twin pairs were initially classified as monozygotic twins using 

questionnaires assessing the similarity between twins of a pair (Pedersen 
et al., 2019). Recently, five of the 48 twin pairs were found to be dizy-
gotic via genetic testing using genome-wide SNP data and thus 43 
complete monozygotic twin pairs are included in the present study. 

2.2. miRNA data 

miRNAs expression levels were measured at baseline in blood plasma 
donated in 1997. Total RNA was extracted from 100 μl plasma using the 
mirVana PARIS kit (Life Technologies), followed by reverse transcrip-
tion (RT) of the RNA sample to cDNA using the TaqMan MicroRNA 
Reverse Transcription Kit. cDNA was than pre-amplified using Megaplex 
PreAmp primers. Both RT and preamplification was done for pool A and 
B of miRNAs, pool A contains mainly high abundant miRNAs and pool B 
mainly low abundant miRNAs. Expression of 754 miRNAs in total was 
measured by semi-quantitative real-time PCR (qRT-PCR) and the Taq-
Man OpenArray Human microRNA panel (Life Technologies). For 
detailed description of the method see (Mengel-From et al., 2018a). 

To reduce inflation of false positive results in the cox model, we used 
a minimal requirement that miRNAs had to be expressed in at least 20 
individuals in the individual level analysis and in 6 complete twin pairs 
in the twin-paired analyses to be included in the analyses. Of the 754 
miRNAs incorporated on the OpenArray platform, a total of 225 miRNAs 
were expressed in plasma from at least 20 of the 86 study participants, 
and 203 miRNAs were expressed in at least 6 complete twin pairs. In the 
analysis of twin pairs with a lifespan discordance of at least five years (N 
= 24), 177 miRNAs were included. 

2.3. Statistical analysis 

An overview of all analyses is displayed in Fig. 1. Population de-
scriptives were made for males and females separately and combined. 
Differences between genders were tested with an unpaired t-test. 

Survival analysis was performed using a Cox model adjusted for age 
and sex with survival time for each participant calculated as the period 
from birth to death (age at death), and with age of blood donation as 
entry. Information on age at death was obtained by linkage with the 
Danish central registries via the unique identification number assigned 
at birth to all Danish citizens (Pedersen et al., 2006). There was no loss to 
follow-up as none of the participants emigrated, and no individuals were 
alive at the end of follow-up (January 31, 2022). Correlation between 
twins of a pair was in the Cox model defined by clusters (vce) according 
to twin pair number. All analyses were performed using STATA version 
17.0 (Stockholm, Sweden). 

We also fitted linear regression models that regress the intra-pair 
difference in miRNA expression on the intra-pair difference in survival 
time between twins of a pair, i.e., ΔmiRNA = β0 +

β1*Δphenotype+β2*age + β3*sex. In this model, β0 captures the overall 
difference in miRNA level between the twin with the shortest lifespan 
subtracted from the twin with the longest lifespan when adjusted for age 
and sex, and β1 stands for the quantitative association of the miRNA 
difference that is dependent on the level of phenotype difference (degree 
of discordance in survival age) and are the values reported as results. 
Also performed was a post-hoc five-year lifespan discordance analysis of 
twin pairs with a numeric lifespan discordance of five years or more 
(Npairs = 24), a strategy previously introduced by Wu and co-workers 
(Wu et al., 2016). Fold changes were calculated by 2^(A-B), A and B 
being the miRNA expression levels in the long- and short-lived twins. 
Fold changes were unadjusted. 

P-values below 0.05 were considered nominally significant. Correc-
tion for multiple testing was done in the computational environment R 
(https://www.r-project.org) using the Benjamini-Hochberg false dis-
covery rate (FDR) correction method (Benjamini and Hochberg, 1995). 
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2.4. Pathway analysis 

Pathway analyses were performed using the MiRsystem, which is a 
database which integrates seven well known miRNA target gene pre-
diction programs: DIANA, miRanda, miRBridge, PicTar, PITA, rna22, 
and TargetScan, and the database contains validated data from TarBase 
and miRecords on interactions between miRNAs and their target genes 
(Lu et al., 2012). Data entry was miRNA names (only, so no effect esti-
mates or p-values were submitted to the program) of the nominally 
significant miRNAs from the individual level analysis. The parameters 
Hit (>3) and O/E ratio (>2) were applied with the default settings along 
with the minimum total number of genes in pathways set to 25 func-
tional genes (default setting). Functional annotations used were Kyoto 
Encyclopedia of Genes and Genomes (KEGG) or Reactome pathways. 
Both raw and empirical p-values (from permutations) were displayed as 
results (p < 0.05). 

Pathway analyses were also performed using DIANA Tools mirPath 
V.3 (TarBase v7.0), which are integrated in the MiRsystem. Here we 
report KEGG pathways in heatmap and dendrograms using the cluster 
analyses, the pathway union parameter, and Fisher's exact test (hyper-
geometric test) with a p-value threshold of 0.05 (not FDR adjusted) 
(Vlachos et al., 2015). 

3. Results 

The study participants were monozygotic twins with an average age 
of 79 years at blood donation (range 73 to 88 years). All participants had 
passed away at end of follow-up and lived on average for 10.6 (SD =
5.33) years after blood donation. Women lived on average two years and 
2.4 months longer than men, but there were no significant differences 
between genders. Within the MZ pairs, the numeric difference in sur-
vival length was on average 6.3 years, equivalent to roughly half of the 
twin pairs (53 %) living at least five years longer than their co-twin (see 
Table 1 for details). 

In the Cox regression analysis, none of the miRNAs were significant 
after FDR adjustment, but 29 miRNAs showed nominally significant 
association with mortality, and the expression of 21 miRNAs (72 %) 
were found to be upregulated with higher mortality hazard rate (shorter 
lifespan) (Table 2). A miRsystem pathway analysis of the nominally 
significant miRNAs with Reactome annotated pathways suggests that 
‘Negative regulation of FGFR signaling’ and ‘Neurotransmitter receptor 
binding and downstream transmission in the postsynaptic cell’ are key 

pathways of survival (empirical p-values <0.05), and potentially also 
‘DNA repair’ and ‘Apoptosis’ (unadjusted raw p-value <0.05). When 
using KEGG pathways, the nominally significant miRNAs appear 
significantly involved in ‘Linoleic acid metabolism’ and ‘Toxoplasmosis’ 
(empirical p-values <0.05) (Table 3). Further KEGG pathway analyses 
using DIANA Tools mirPath V.3 indicated the existence of at least two 
hierarchical clusters of pathways. One hierarchical cluster was mostly 
related to lipid metabolism, e.g., fatty acid metabolism, and a second 
larger hierarchical cluster containing, among others, the extracellular 
matrix (ECM) receptor interaction pathway, which is according to KEGG 
a complex mixture of structural and functional macromolecules that 
serves an important role in tissue and organ morphogenesis and in the 
maintenance of cell and tissue structure and function. Also, several 
cancer pathways were found in the same hierarchical cluster, which may 
indicate that these miRNAs are linked to tissue maintenance and 
morphology (Fig. 2). 

In the linear regression analysis, 18 (81 %) of 22 nominally signifi-
cant miRNAs were inversely associated with survival, i.e., a higher 
expression level is associated with a shorter lifespan. Among the 29 
nominally significant miRNAs from the individual level analysis, nine 
miRNAs (hsa-miR-140-3p, hsa-miR-16-5p, hsa-miR-487b-3p, hsa-miR- 
19a-3p, hsa-let-7d-5p, hsa-miR-320a, hsa-miR-324-3p, hsa-miR-375, 
and hsa-miR-30d-5p) were upregulated, and one miRNA (hsa-let-7 g- 
5p) was downregulated in the shortest living twin, i.e., with shorter 
lifespan. All directions of effects were identical to those observed in the 
Cox analysis. 

A post-hoc analysis including twin pairs with at least five years 

Individual level
cox survival analysis
n=86 individuals

Twin paired linear regression
analysis of
lifespan

n=43 mz pairs

Twin paired linear regression
analysis of

five year survival discordant
twin pairs

n= 24 mz pairs

Nominally significant miRNAs
Pathway analysis using

MiRsystem
and

DIANA Tools mirPath

Nominally significant
miRNAs dispayed in results

Fig. 1. Analysis overview.  

Table 1 
Study population descriptives.   

Female 
(n = 66) 

Male 
(n = 20) 

All 
(n = 86) 

Mean age at blood donation (SD) 79.2 
(3.6) 

78.7 
(3.3) 

79.1 
(3.5) 

Mean lifetime (SD) 90.1 
(6.1) 

87.9 
(4.3)  89.6 

(5.8) 
Mean absolute difference in lifespan between 

twins of a pair (SD) 
6.7 (4.4) 5.4 

(2.8) 
6.3 
(4.1) 

Number of MZ twin pairs with at least 
five years of discordance in survival (%) 

18 (55) 6 (60) 24(56) 

No significant difference between genders, p > 0.05. 
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discordance in lifespan was carried out similar to what Wu and co- 
workers did in a previous twin study (Wu et al., 2016), and 23 miR-
NAs were identified as being nominally significantly associated with 
lifespan (Supplementary Table 1). In Table 4, nominally significant 
miRNAs are displayed for the twin-paired analysis of all 43 twin pairs 
and with replication in the five-year lifespan discordance twin-paired 
analysis. Seven miRNAs were found to be nominally significant across 
all three analyses, i.e., the individual level analysis and the two twin- 
paired analyses, and all seven miRNAs showed effects associated in 
the same direction across analyses. 

4. Discussion 

miRNAs may play a role in aging and contribute to understanding the 
basic biology of body deterioration. Also, miRNAs could even contribute 
to understanding which biological functions that are the main contrib-
utors to all-cause mortality. In the present study we identify miRNAs 
from the circulating miRNome suggestively associated with survival in 
individuals from a completely deceased cohort of twins, who were at 
least 73 years of age at baseline. Seven miRNAs were nominally signif-
icant associated across two linear twin-paired analyses and a cox 
analysis. 

In the present study, more miRNAs were up- than downregulated 
with shorter lifespan among those with a nominally significant associ-
ation. Whether miRNAs are generally up- or downregulated with age 
and longevity seems to vary both across studies and across blood tissues. 

One study indicated that miRNAs were mainly downregulated with 
longevity (being 90+ years at blood drawing) in whole blood (ElShar-
awy et al., 2012), and in another study the authors reported that miR-
NAs from serum were significantly downregulated in a long-lived 
subgroup (76–92 years of age) (Smith-Vikos et al., 2016). In contrast, in 
a population-based study (of individuals 22–79 years of age) the 
expression of plasma-circulating miRNAs was stable with age, but sig-
nificant dysregulation with age were found for 7 miRNAs; 6 up- 
regulated and 1 downregulated (Ameling et al., 2015). The findings of 
the latter study may support the findings of our study also investigating 
miRNAs circulating in plasma, i.e., up-regulation with age may indicate 
deteriorated miRNA regulation (Ameling et al., 2015), and that such 
upregulated miRNA expression may be an indicator of mortality after 
70 years of age (present study). Also, our finding may suggest that se-
lection by mortality is likely to affect the miRNA and age associations at 
the more extreme ages, e.g., after 90 year of age these associations may 
regress towards the mean. 

The MiRsytem pathway analysis of nominally significant miRNAs 
suggests that the linoleic acid metabolism pathway is likely a relevant 
pathway related to all-cause mortality. Linoleic acid (18:2) is the 
shortest chain of the common omega-6 fatty acids, which is a group of 
fatty acids related to lower risk of cardiovascular diseases at moderate 
intake (Djuricic and Calder, 2021). Therefore, the regulation of linoleic 
acid metabolism may likely be a key biochemical factor in all-cause 
mortality in which death by cardiovascular diseases is a major cause- 
specific contributor in Europeans 70+ years of age (WHO, 2022). Our 
observation also supports findings from a large multi-cohort metabolic 
study where lipid biomarkers, e.g., the ratio of polyunsaturated fatty 
acids to total fatty acids, were the leading metabolic biomarker (lowest 
p-value) of mortality among 14 highlighted independent biomarkers 
(Deelen et al., 2019). 

Biological processes were observed in one of two hierarchical clus-
ters in the KEGG pathway analyses using the DIANA tool where the 
‘Extracellular matrix (ECM) receptor interaction’ pathway was found. 
This pathway is a complex mixture of structural and functional macro-
molecules that serve important roles in tissue and organ morphogenesis 
and in the maintenance of cell and tissue structure and function, which 
suggest that the mortality-related miRNAs found in the present study are 
involved in tissue maintenance and morphology. In that same hierar-
chical cluster, several cancer pathways display, and the biological na-
ture of cancer is also related to tissue maintenance and morphology. 
Moreover, nominally significant miRNAs were found to be expressed 
mainly in solid tissues such as fibroblast or endothelial cells highlighting 
that tissue maintenance and morphogenesis processes may occur in 
those solid tissues. A systematic look-up of nominally significant miR-
NAs in the Extracellular Vesicles miRNA Database showed that 89 % of 
miRNAs (24/27) were expressed in fibroblast and epidermal cells 
(among the top three expressed tissues for each miRNA). The remaining 
three miRNAs were found to be expressed primarily in blood cells, colon 
or kidney. Extracellular vesicles (EVs) (http://bioinfo.life.hust.edu. 
cn/EVmiRNA) are cell-derived membranous surrounded vesicles origi-
nated from the endosomal system (exosomes) or shed from cell mem-
branes. The miRNA expression profiles are registered with sample 
information of EVs from different sources (such as blood, breast milk 
etc.) (Liu et al., 2019). The top three expressed vesicle tissues for each 
miRNA are listed in Supplementary Table 2. 

Previous human aging studies have suggested that miR-126 is asso-
ciated with aging and longevity (Ameling et al., 2015; ElSharawy et al., 
2012; Olivieri et al., 2014). In the present study we found miR-126-3p to 
be borderline significantly downregulated with higher risk of death, but 
not when adjusting for FDR. miR-126-5p is derived from the same pre-
cursor RNA as miR-126-3p and is considered the prototype of an 
endothelial-specific miRNA (Chamorro-Jorganes et al., 2013). Interest-
ingly, the encoded precurser-miR-126 transcript is located within an 
intron of the epidermal growth factor-like-domain 7 (EGFL7) gene, also 
known as Vascular Endothelial-statin (VE-statin), which is mostly 

Table 2 
Results of survival analysis. Upregulated miRNAs associate with higher risk of 
death when hazard ratios are >1. p-values are uncorrected, and q-values are 
corrected by Benjamini-Hochberg false discovery rate.  

miRNA N HR Low 95 % 
CI 

High 95 % 
CI 

p- 
value 

q- 
Value 

hsa-miR-16-5p  86  2.15  1.40  3.30  0.0005  0.11 
hsa-miR-320a  85  3.44  1.53  7.75  0.0028  0.31 
hsa-miR-487b- 

3p  
49  2.43  1.28  4.64  0.01  0.31 

mmu-miR-134- 
5p#  

80  1.70  1.15  2.51  0.01  0.31 

hsa-miR-140-3p  80  1.64  1.14  2.38  0.01  0.31 
hsa-miR-375  69  1.60  1.12  2.28  0.01  0.31 
hsa-miR-659-3p  24  0.47  0.26  0.84  0.01  0.31 
hsa-miR-215-5p  22  0.63  0.44  0.90  0.01  0.31 
hsa-miR-19a-3p  86  2.70  1.23  5.90  0.01  0.31 
hsa-miR-30d-5p  29  2.94  1.25  6.91  0.01  0.31 
hsa-miR-148a- 

3p  
83  2.95  1.22  7.12  0.02  0.31 

hsa-miR-31-5p  33  2.46  1.17  5.15  0.02  0.31 
hsa-let-7 g-5p  79  0.40  0.19  0.86  0.02  0.31 
hsa-miR-579-3p  40  2.40  1.15  5.00  0.02  0.31 
hsa-miR-20a-5p  20  0.19  0.04  0.78  0.02  0.33 
hsa-let-7d-5p  74  2.40  1.09  5.29  0.03  0.36 
hsa-miR-889-3p  47  2.65  1.10  6.41  0.03  0.36 
hsa-miR-197-3p  57  2.73  1.08  6.90  0.03  0.36 
hsa-miR-720¤  85  1.57  1.03  2.40  0.04  0.36 
hsa-miR-30e-3p  77  0.60  0.37  0.97  0.04  0.36 
hsa-miR-324-3p  68  1.61  1.03  2.50  0.04  0.36 
hsa-miR-152-3p  71  1.99  1.04  3.79  0.04  0.36 
hsa-miR-30a-5p  84  0.74  0.56  0.98  0.04  0.36 
hsa-miR-20b-5p  84  1.59  1.02  2.47  0.04  0.36 
hsa-miR-122-5p  81  1.33  1.01  1.75  0.04  0.36 
hsa-miR-376a- 

3p  
72  1.86  1.03  3.37  0.04  0.36 

hsa-miR-323a- 
3p  

73  1.49  1.00  2.23  0.05  0.39 

hsa-miR-331-3p  84  0.65  0.42  1.00  0.05  0.39 
hsa-miR-126-3p  86  0.70  0.48  1.00  0.05  0.39 

# Alias rno-miR-134-5p. 
¤ hsa-miR-720 is known to miRBase, but as miRBase notes on the hsa-miR-720 
page: “Schopman et al. show that the sequence annotated as miR-720 is likely 
to be a fragment of a tRNA”. 
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expressed in endothelial cells and involved in vascular tubulogenesis 
(Chamorro-Jorganes et al., 2013). The exact role of miR-126 is unclear, 
but the current literature indicates that it is involved in multiple func-
tions and diseases, e.g., it may play an anti-atherogenic role by 
enhancing endothelial repair (Sun et al., 2018). In the Extracellular 
Vesicles miRNA database, some divergence is found; hsa-miR-126-3p is 
expressed in fibroblasts, mesenchymal stem cells, and in endothelial 
cells, whereas hsa-miR-126-5p is mostly expressed in endothelial cells. 

Previously, we have studied miRNAs in relation to cognitive func-
tion, cognitive decline, and dementia in elderly twins (Mengel-From 
et al., 2018a; Mengel-From et al., 2018b) and found that miRNAs were 
generally upregulated in people with poorer cognitive functioning 
(Mengel-From et al., 2018a). Since poor cognitive function is associated 
with higher risk of death (Thinggaard et al., 2016) we would expect a 
similar trend of association in the present study, and that was indeed 
what we observed with shorter lifespan. We only observe a minor 
overlap between miRNAs associated with lifespan, i.e., hsa-miR-151a-5p 
was the only nominally significant miRNA in both studies. However, we 
did observe the ‘Neurotransmitter receptor binding and downstream 
transmission in the postsynaptic cell’ as a significant Reactome pathway, 
which is related to the biology of cognitive function. 

Many miRNA studies suffer from small sample size and thereby from 
having insufficient power to detect associations with outcomes. 

Although our sample size is only of 43 twin pairs, it is a sample of 
comparable size as similar published studies and using twins is a 
powerful design. Yet, we were not able to identify any associations that 
were significant after adjustment for multiple testing using FDR, which 
is a limitation of the study. However, all-cause mortality is diverse, at 
least at a population level, and thus our top miRNAs are suggestive and 
need further validation. In contrast, there are some clear advantages to 
the present study as circulating miRNAs likely contain a level of mo-
lecular information that is not covered by functional transcriptomic and 
methylomic studies, where analyses are often performed in solid tissues. 
Also, we did both an individual level survival analysis as well as linear 
twin-paired analyses, whereby we were able to confirm seven nominally 
significant miRNAs across all three analyses. These candidates are likely 
the most robust findings of our study, although we acknowledge that 
replication is done internally on the same population. 

In a small twin study by Wu and co-workers the authors included five 
twin-pairs aged 44–51 years at blood collection with a difference in 
lifespan of at least five years and found two miRNAs, miR-3615 and miR- 
619, to be suggestively associated with lifespan (Wu et al., 2016). 
Although we used a similar five-year lifespan discordant design, we did 
not replicate these findings using our larger sample of 24 twin pairs. A 
difference between the present study and the study by Wu and co- 
workers is that we included twins who are older when entering the 

Table 3 
miRsystem pathway analysis using KEGG or Reactome pathways of nominally significant miRNAs identified in the individual level survival analysis. Pathways with a 
raw p-value <0.05 are shown.  

Term Total genes 
of the term 

Targets in 
the term 

Targets in total 
genes of the term 
(%) 

Targets in total targets 
of submitted miRNA(s) 
(%) 

Union miRNAs 
in the Term 

Raw P- 
Value 

Empirical P- 
Value 

KEEG annotations: 
LINOLEIC ACID METABOLISM 29 2 6.897 5.263 3 0.001 0.020 
MAPK SIGNALING PATHWAY 272 3 1.103 7.895 2 0.010 0.168 
TOXOPLASMOSIS 132 2 1.515 5.263 6 0.020 0.019 
BUTANOATE METABOLISM 30 1 3.333 2.632 2 0.049 0.964  

Reactome annotations: 
NEGATIVE REGULATION OF FGFR SIGNALING  40  2  5  5.263  3  0.002  0.048 
DNA REPAIR  108  2  1.852  5.263  4  0.014  0.155 
SIGNALING BY FGFR  114  2  1.754  5.263  3  0.016  0.061 
NEUROTRANSMITTER RECEPTOR BINDING AND 

DOWNSTREAM TRANSMISSION IN THE 
POSTSYNAPTIC CELL  

136  2  1.471  5.263  3  0.021  0.041 

APOPTOSIS  148  2  1.351  5.263  5  0.025  0.084 
TRANSMEMBRANE TRANSPORT OF SMALL 

MOLECULES  
427  3  0.703  7.895  4  0.031  0.098 

HEMOSTASIS  467  3  0.642  7.895  6  0.038  0.129 
TRANSMISSION ACROSS CHEMICAL SYNAPSES  190  2  1.053  5.263  3  0.038  0.052 
REGULATION OF IFNA SIGNALING  25  1  4  2.632  6  0.041  0.833 
ACTIVATION OF G PROTEIN GATED POTASSIUM 

CHANNELS  
25  1  4  2.632  2  0.041  0.959 

ADP SIGNALING THROUGH P2Y PURINOCEPTOR 1  25  1  4  2.632  2  0.041  0.959 
G BETA GAMMA SIGNALING THROUGH 

PI3KGAMMA  
25  1  4  2.632  2  0.041  0.959 

G PROTEIN GATED POTASSIUM CHANNELS  25  1  4  2.632  2  0.041  0.959 
INHIBITION OF VOLTAGE GATED CA2+ CHANNELS 

VIA GBETA GAMMA SUBUNITS  
25  1  4  2.632  2  0.041  0.959 

BASIGIN INTERACTIONS  25  1  4  2.632  2  0.041  0.975 
G ALPHA (I) SIGNALING EVENTS  200  2  1  5.263  2  0.042  0.236 
DEVELOPMENTAL BIOLOGY  494  3  0.607  7.895  4  0.043  0.076 
DUAL INCISION REACTION IN TC-NER  28  1  3.571  2.632  2  0.046  0.951 
FORMATION OF TRANSCRIPTION-COUPLED NER 

(TC-NER) REPAIR COMPLEX  
28  1  3.571  2.632  2  0.046  0.951 

G-PROTEIN ACTIVATION  28  1  3.571  2.632  2  0.046  0.959 
G-PROTEIN BETA GAMMA SIGNALING  28  1  3.571  2.632  2  0.046  0.959 
ANTIGEN PROCESSING UBIQUITINATION 

PROTEASOME DEGRADATION  
213  2  0.939  5.263  8  0.046  0.083 

INHIBITION OF INSULIN SECRETION BY 
ADRENALINE NORADRENALINE  

29  1  3.448  2.632  2  0.048  0.959 

METABOLISM OF MRNA  218  2  0.917  5.263  3  0.048  0.232 
ACTIVATION OF KAINATE RECEPTORS UPON 

GLUTAMATE BINDING  
30  1  3.333  2.632  2  0.049  0.967  

J. Mengel-From et al.                                                                                                                                                                                                                          



Experimental Gerontology 169 (2022) 111980

6

study (73+ years of age). The later age at entry could potentially bias 
our observations, as a substantial proportion of individuals born the 
same year as the participants had already died prior to the study's 
baseline. To compensate for possible immortal time bias, we used the 
entry function in the cox model with entry at blood donation. Also, we 
used the twin-paired design as a secondary analysis that controls for age, 
sex, genetics, and common shared effects. Another advantage of the 
present study is that we have a unique sample of older twins and com-
plete, register-based follow-up of the participants to their death. The 
present study population (73–88 years of age) is representative of a 
demographic fraction of the population that is now large in western 
countries and growing globally. Also, it is worth highlighting that the 
average age at death in the present study population is higher than the 

average of the Danish population, which is biased by the sample selec-
tion, where twins volunteering to participate had survived their 70-year 
birthday. In addition, within a given study, individuals who agree to 
donate blood are generally healthier than same age individuals not 
donating blood. 

5. Conclusion 

In conclusion, there were more nominally significantly associated 
circulating miRNAs that were up- than downregulated with risk of 
death. In general, pathway analyses indicate that lipid metabolism and 
solid tissue maintenance and morphology are related to all-cause mor-
tality at ages after the age of 70 years. 

Fig. 2. DIANA Tools mirPath V.3 pathway analysis of nominally significant miRNAs identified in the individual level survival analysis using KEGG. A) Heatmap of 
Fisher exact significant pathways. B) Cluster of miRNAs. C) Cluster of pathways. 
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Fig. 2. (continued). 
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Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.exger.2022.111980. 
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